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^ n o p s is
The aim of th is  p ro je c t has been to  in ve s tig a te  the c ru s ta l s truc tu re , in  
p a r t ic u la r  the  upper c ru s ta l s t ru c tu re ,  o f the  sou thern  M id land V a lle y  o f 
Scotland using quarry b la s t and co n tro lle d -sh o t seism ic re fra c t io n  methods. 
The study was designed as a fo l lo w -u p  o f the  LIB PB and LOWNET c ru s ta l 
re fra c t io n  stud ies in  Central Scotland, e x te n d in g  t h e i r  in te r p r e ta t io n s  o f  
upper c ru s ta l s tru c tu re  in to  southern and western pa rts  o f the Midland V a ll(^  
o f Scotland.
Tne a q u is i t io n  and p re s e n ta t io n  o f new data c o lle c te d  over a p e rio d  o f  2 
1/2 years is  discussed, along w ith  re s u lts  from the a p p lica tio n  o f va rious 
in te r  prêta t io n a l methods. This new data i s  grouped fo r  convenience in to  the 
r e s u lt s  from  the  Lesmahagow a rra y  (LES), and the H illh o u s e  -  B roughton 
p r o f i le .  Some o ld e r data, from the  B roughton a rra y  (BTN; E l- Is a  1 977) ,are 
also presented and in te rp re te d  in  the l ig h t  of th is  new data.
Thesfdata  w ^  in te rp re te d  u s in g  a v a r ie ty  o f methods depending on th e  
amount o f data ava ilab le  and i t s  d is tr ib u t io n .
In d iv id u a l s h o t/q u a rry  p r o f i le s  w ere  in te rp re te d  f o r  the  near su rface  
v e lo c ity  s tru c tu re  using the W iechert>H erglotz-Batem an (WHB) in v e rs io n  and 
p la n a r - la y e r  m o d e llin g  methods. Most o f  the  near su rfa ce  data were 
independently in te rp re te d  ty  both o f these methods, p rov id ing  some measure of 
the  co n s is ten cy  o f the  near su rfa ce  v e lo c i ty  s tru c tu re s , ra th e r  than as a 
d ir e c t  com parison o f each method. The suspected e x is te n c e  o f v e lo c i ty  
inve rs ions  under some of these p ro f i le s  suggested th a t an inve rs io n  technique 
such as the tau-p  method m ight provide a means o f d ire c t ly  m odelling  these 
low v e lo c ity  zones. I n i t i a l  te s ts  were encouraging, but fu r th e r  development 
had to  be abandoned.
High apparent v e lo c ity  a r r iv a ls  were noticed on a number o f p ro f i le s  and 
these were i n i t i a l l y  in te rp re te d  using tim e-term  ana lys is . This provided a
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rea sonab le  s t a t i s t i c a l  s o lu t io n  p ro v in g  th e  e x is te nce  o f a h ig h  v e lo c i ty  
r e f r a c to r  (Vp > 6.0 km s” **) under the study area (so u th e rn  M id land V a l l  ay), 
but the s ite  tim e-te rm s did n o t obviously c o rre la te  w ith  those expected fro n  
downwards e x tra p o la tio n  o f the surface geology. The reasons fo r  th is  are two­
fo ld .  The v a r ia b le  v e lo c ity -d e p th  s tru c tu re s  m ode lled  fo r  d i f f e r e n t  
s t r a t ig r a p h ie  u n its  w i t h in  the sou the rn  M id land V a lle y  makes the depth 
co nve rs ion  o f each s i t e  t im e -te rm  an in d iv id u a l process, dependent on 
knowledge o f the geolog ica l s truc tu re  under each s i te.
The other fa c to r  a ffe c t in g  the geolog ica l in te rp re ta t io n  of the tim e-term  
s o lu t io n  was the r e a l is a t io n ,  from  ray tra c e  m o d e llin g  and the  re g io n a l 
apparent v e lo c ity  modelling, th a t the s tru c tu re  o f th is  h igh v e lo c ity  layer 
(now designated ag to conform to  the LISPB standard nomenclature) does not 
appear to  conform to  the s tru c tu re  p red icted  by the downwards e x tra p o la tio n  
o f the su rfa ce  g e o lo g ic a l s tru c tu re . Even a f te r  q u a n t ify in g  the e r ro rs  
in v o lv e d  in  th e  f i e l d  data and ray tra c e  m o d e llin g  p rocedure , the  expected 
v e r t ic a l r e l i e f  on the ag re fra c to r  i s  much le ss  than predicted.
Ray m o d e llin g  o f  the  H illh o u s e  -  Broughton p r o f i le  a lso  h ig h lig h te d  th e  
existence o f several h igh v e lo c ity  la y e rs  w ith in  the sedimentary laye r. These 
can be re la te d  to  hyper by ssal in tru s iv e  su ite s  seen a t  the surface.
From these in te rp re ta tio n s , i t  is  concluded tha t both the LISPB and LCWNET 
P-wave v e lo c ity  models fo r  the near surface la y e r (a^) have o v e rs im p lif ie d  
the  ranges o f v e lo c i ty  found to  c h a ra c te r is e  the  th re e  m ain l i t h o -  
s tra t ig ra p h ic  groups w ith in  the  study area ( ie  the Upper Old Red Sandstone & 
C a rb o n ife ro u s , the  Lower Old Red Sandstone, and the  S i lu r ia n ) .  Th is can be 
summarised as below:
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s tra tig ra p h ie  U n it P-Wave v e lo c ity  range
Carboniferous & Upper 0. R. S. 3.2 -  4.0 km s“ *^
Lower Old Red Sandstone 4.0 -  5 .2  km s“ *
S ilu r ia n  (& ?Ordovician) 3.5 -  5.5 km s“ *^
Evidence is  presented from th is  study, and c o lla te d  from other app licab le  
sources, such as u lt r a s o n ic  measurements on ro ck  cores and o th e r f i e l d  
stud ies over era to n ic  areas, th a t the LISFB in te rp re ta t io n  o f the geolog ica l 
nature o f the ag re fra c t in g  la y e r  (as Lower Palaeozoic c la s t ic  sediments) is  
erroneous. On th e  b a s is  o f  the  near su rfa ce  v e lo c i ty  in te r p r e ta t io n s  and a 
s e r ie s  o f  l i t h o lo g ic a l  com parisons, i t  was concluded th a t  the se ism ic  
c h a ra c te r is t ic s  o f  t h is  la y e r  w ou ld  be best matched by a q u a r tz - fe ld s p a r  
r ic h , c ry s ta l l in e  laye r.
The geolog ica l impact o f the v e lo c ity  and s tru c tu ra l in fo rm a tion  on the ag 
r e f r a c t in g  la y e r  is  d iscussed, h ig h l ig h t in g  the d if fe re n c e  between the 
a p p a re n tly  low r e l i e f ,  near p la n a r ag r e f r a c to r  and th e  h ig h ly  v a r ia b le  
P a laeozo ic  sed im entary th ic k n e s s  reco rded  a t  the s u rfa ce . I t  i s  suggested 
th a t  the  m a jo r f a u l t s  o f  the  sou the rn  M id land V a lle y  ( th e  Kerse Loch, 
Carmichael and Southern Uplands fa u lts )  may not give d isp laconents on the ag 
r e f r a c to r  commensurate w ith  those found a t  the  su rfa ce . A m a jo r basement 
s t r ik e - s l ip  zone, producing a 'f lo w e r ' fa u l t  pa tte rn  whose branching 'p e ta ls ' 
are these major fa u lts ,  m ight be one explanation fo r  the above evidence.
Some new data ore presented from the a«| (LISPB 6.4 km s"^) re fra c t in g  la ye r, 
and i t s  in te rp re ta t io n  f i t t e d  in to  the e x is t in g  LISPB s tru c tu ra l model. The 
g e o lo g ic a l na tu re  o f t h is  la y e r  is  d iscussed u s in g  a l l  a v a ila b le  se ism ic  
in l'o rm ation , and geochon ica l/pe tro log ica l data a v a ila b le  fro n  lo c a l vo lcan ic  
xen o lith s .
The co n c lu s io n  from  th is  i s  t h a t  the  in te r p r e ta t io n  o f the  ag r e f r a c t in g
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la y e r  is  cons is ten t w ith  q u a rtz -r ic h , probably g ra n u lit ic  l ith o lo g y , and the 
s im p le s t in te r p r e ta t io n  fo r  the  n a tu re  o f the a g / i n t e r f a c e  i s  as a 
me tarn orphie fa c ie s  change, fro n  am phibo lite  to g ra nu lite .
Tne b a s ic  g r a n u l i t ic  x e n o lith  s u ite  from  w it h in  th e  M id land V a lle y  and 
p re v io u s ly  assumed by some w o rke rs  to  be d e rive d  from  the a-j r e f r a c t in g  
la y e r ,  i s  now, on th e  b a s is  o f  s im p le  m in e ra l m o d e llin g  o f  the  LISPB ^ 2  
re fra c to r  data, suggested to  have a low er c ru s ta l o r ig in .
In  summary, a general ised c ru s ta l model o f the Midland V a lley  is  presented 
showing the surface sedimentary la y e r extending to between 2 -  4 km depth and 
o ve rly in g  q u a rtz -r ic h  gneissose basement, possibly w ith  lo c a lis e d  hornblende 
g ra n ite  in t ru s io n s .  T h is  in  tu rn  o v e r l ie s  a q u a r tz - r ic h ,  g r a n u l i t ic  la y e r  
extending from 6 -  8 km to 18— 20 km depth which may be the g ra n u lite  fa c ie s  
e q u iv a le n t o f the o v e r ly in g  la y e r .  The lo w e r c ru s t, fro m  1 8 -  20 to  34 -  35 
km depth, is  suggested to  be composed p re do m ina n tly  o f b a s ic , pyroxene 
g ra n u lite  s.
Further work i s  required  to  extend the s tru c tu ra l models o f the ag and a-| 
r e f r a c to r s  th ro u g h o u t the M id land V a lle y  and f u r th e r  in to  the Southern 
Uplands. A d d it io n a lly , p re lim ina ry  in te rp re ta t io n  o f S-waves from th is  study 
suggest th a t  much e x tra  g e o lo g ic a l in fo rm a t io n  w ou ld  r e s u l t  from  a f u l l e r  
study o f the S-wave v e lo c ity  d is t r ib u t io n , used in  conjunction w ith  a P-wave 
v e lo c ity  model.
Localised  se ism ic re f le c t io n  p r o f i l in g  could provide rigo rous te s ts  o f the 
s tru c tu ra l hypotheses suggested in  th is  study.
Chapter 1 Regional geology and geopysLcal background
1.1 Introduction
This study inves tiga tes  the s tru c tu re  of the upper c rus t w ith in  the Midland 
V a l le y  o f  S c o t la n d  u s in g  s e is m o lo g ie s !  te c h n iq u e s . The a rea  under 
in v e s tig a tio n  here extends from the A yrsh ire  coast around Troon eastwards 
ac ross  to  B roughton  in  the S outhern Uplands ( f o r  lo c a t io n s  see f ig u r e  1.1), 
and com prises ou t crops o f p re do m ina n tly  Old Red Sandstone or o ld e r 
sed im enta ry rocks  (see f ig u r e  1.2). P a r t ic u la r  a t te n t io n  has been pa id  in  
th is  study to  the re la t io n s  between the  known surface geology and c ry s ta llin e  
basement in  v iew  o f the s ig n if ic a n c e  o f the M id land V a lle y  in  C aledonian 
te c to n ic  stud ies.
1.2 Regional framework
The M id land V a lle y  o f S co tland  i s  d e fin e d  in  te rm s  o f  su rface  geology as 
being the area o f predominantly weakly deformed Palaeozoic sedimentary and 
vo lcan ic  rocks bounded to  the north by the Highland Boundary F a u lt (HBF), and 
to  the south  by the Southern Uplands F a u lt (SUF) (see f ig u r e  1.2). The 
te c to n ic  s ig n if ic a n c e  o f the  M id land V a lle y  l ie s  in  th e  fa c t  th a t  i t  
separates h igh ly  deformed Dal rad ian rocks in  the Highlands from more m ild ly  
defcrmed O rdovician and S ilu r ia n  rocks in  the Southern Uplands. No Caledonian 
s truc tu res  can be corre la ted  between these two areas.
Much early speculation centred over whether the Midland V a lle y  basement was 
o f con tinen ta l or oceanic o r ig in  (Kennedy 1958; George I960; McLean & Qureshi 
1966; Dewey 1971; M itc h e ll & McKerrow 1975), but w ith  the p u b lica tio n  o f the 
r e s u lt s  o f the  LOWNET study (Cram pin e t a l 1970) and the  LISPB c ru s ta l 
p r o f i le  (Bam ford 1979; Bam ford e t  a l 1976; 1977; 197U), the  e x is te n ce  o f 
con tinen ta l c ru s t was confirmed. The geolog ica l re la t io n s h ip  o f sedimentary 
cover and basement w ith in  the Highlands, Midland V a lley  and Southern Uplands 
was s t i l l  not known and one o f the aims o f th is  p ro je c t i s  to  e s ta b lish  th is
F ig u re  1 ,1  Loc3-tion ins-p fo r  Centra-1 Scotla-nd,.
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F ig u re  1 .2  S im p li f ie d  G e o lo g ic a l map o f C e n tra l and
Southern S c o tla n d , showing the m ajor te c to n ic  
and s t r a t ig r a p h ie  u n its .
re la t io n s h ip  in  the southern p a rt o f the Midland V a lley  of Scotland.
1.3 Geological succession w ith in  the project area
A b r ie f  summary of the major fea tu res o f the geolog ica l succession in  the 
Midland V a i l i s  given w ith  p a r t ic u la r  re ference to the southern pa rt o f the 
Midland V a lley .
1.3.1 Ordovician rocks of the Midland Valley
Ihe o ld e s t rocks seen a t  the surface w ith in  the Midland V a l l ^  are found in  
i t s  SW co rn e r, a t B a ila n tra e  (see f ig u r e  1.1 fo r  l o c a l i t i e s ) .  These rocks 
com prise a s u ite  o f in t r u s iv e  and e x tru s iv e , p re do m ina n tly  b a s ic  igneous 
rocks and a ss o c ia te d  m arine sedim ents, known as th e  B a lla n tra e  o p h io l i t e  
(Church & Gayer 1973; Dewey 1974). This allochthonous complex, o f Arenig age 
(Stone & Rushton 1 983), is  th o u g h t to  re p re se n t th e  rem nants o f  a P a c if ic  
type  ocean is la n d  ( B a r re t t  e t  a l 1982) or p a r t  o f a m a rg in a l bas in  (w h ich  
may have included sm all oceanic is lands) (B luck e t a l 1980; B luck & H a lliday  
1982; Bluck 1983; I h i r lw a l l  & Bluck 1984), which was then obducted, probably 
northwards a t  478 -  4Ma.
The B a ll antrae complex i s  o v e rla in  by a th ic k  sequence of conglomerates, 
sandstone tu r b id ite s  and shallow water re e fa l lim estones o f Upper L la n v irn  to  
A s h g ill age (Ingham 1978; Ince 1984), which were la id  down in  a series o f NE 
-  SW s tr ik in g  basins which had contemporaneous and probably p a ra lle l fa u lts  
a t t h e i r  n o rth w e s te rn  m arg ins (W ill ia m s  1962) (see f ig u r e  1 .3), and were 
p robab ly  fo rm ed  in  a s t r ik e -  or o b liq u e -  s l ip  s tre s s  reg im e  r e la t in g  to  
ob lique subduction fu r th e r  S (Ince 1984; P h i l l ip s  e t a l 1976). Successively 
younger basins formed towards the NW so th a t a progressive fa u lt -c o n tro lle d  
OVŒstep was achieved in  th a t d ire c tio n  (W illia m s 1962). Radiometric da ting  
o f c la s ts  w i t h in  the conglom erate sequences (Longman 1980; Longman e t a l 
197 9; Longman e t a l 1982) ( f ig u re  1.4; have shown the close p rox im ity  o f the
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Figure 1.3 P alaeo g eo g rap h ica l re c o n s tru c t io n  o f the
G irv a n  re g io n  du rin g  O rd o v ic ia n  tim es (fro m  
W illia m s  1 9 6 2 ).
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F ig u re  1 .4  S e c tio n  through the G irv a n  d i s t r i c t  ( a f t e r  i l l ia m s  1962 & 
B lu ck  1983) .  
a )  C la s t  com position  va ry in g  w ith  s iz e .
h ) Ages o f youngest g ra n ite  c la s ts  w ith  the a d d it io n  o f a Ph-Ph 
age and the age o f the o ld e s t c la s t  in  th e  Benan Conglom erate; 
data from  Longman ( I 98O) & Longman e t a l  (1979 ; 1982) .  S ta g e -  
boundary age d e te rm in a tio n s  : a H arlarid  e t  a l  ( 1 9 8 2 ) ,  b McKerrow 
e t a l  ( 1984) ,  G O din  ( 1 9 8 2 ) .
la rg e  g ra n ite  c la s ts  to  th e ir  o r ig in a l  source , and a so u rce -b a s in  
r e la t io n s h ip  has been proposed where con tinuous u p l i f t  o f t h is  source 
accompanied the g ra n ite  in t r u s io n ,  w h i le  f la n k in g , coeval and g e n e t ic a l ly  
re la te d  basin underwent complementary subsidence (Bluck 1983).
1.3.2 S ilurian  rocks of the Midland Valley
A number o f i n l i e r s  o f  S i lu r ia n  rocks occur w i t h in  th e  M idland V a lle y  
ranging in  age from  Llandovery to  Ludlow (see f ig u re  1.5) (Cocks e t a l 1971). 
A base fo r  t h is  sequence i s  seen on ly  a t Craighead, near G irva n  w here a 
patchy conglomerate oversteps A s h g ill ia n  rocks of the G irvan sequence (Ingham 
1978). Up to  2 km of sediments have been preserved and palaeofacies ana lys is  
in d ic a te s  a lagoonal, occasiona lly  shallow marine, environment predominating 
th rou gho u t th e  L landovery  u n t i l  the  appearance o f the  f i r s t  o f the  th re e  
major conglomerate wedges, the ’ igneous conglomerate', a t  aro ind the base of 
the Wenlock. A fte r th is , the sediments become progressively terrigenous in  
n a tu re  and in d ic a te  a t r a n s i t io n  to  f l u v ia l ,  la c u s t r in e  and i n t e r - t i d a l  
environments (McGiven 1967).
1.3.3 Old Red Sandstone in  the southern Midland Valley
1.3.3.1 Lower Old Red Sandstone
The Lower Old Red Sandstone rocks o f  the southern  m arg in  o f the  M idland 
V a lle y  occu r as a s e r ie s  o f f a u l t  bounded o u tc ro ps  between the Southern 
Upland f a u l t  and a number of p a ra lle l,  en echelon fa u l ts  towards the NW and 
o fte n  associated w ith  o lder S ilu r ia n  outcrops. Ihe sequence is  characterised 
by red, drab conglomerates and l i t h i c  a re n ite s  which o ften  in te r  s t r a t i f y  w ith  
lavas o f basa lt, andésite, trachyte , da c i te  and rh y o lite  (B luck 197 8). Ihe se 
are  accompanied by many m inor in t r u s io n s  o f f  e l s i te , d o le r i te  and v a r io u s  
p o rp h y rie s . The th ic k e s t  developm ent o f Lower Old Red Sandstone in  the 
southern p a rt o f the Midland V a lley is  probably to  be found in  the Pentland 
H il ls  (Mykura I960), where aromd 2 km o f lavas can be demonstrated; although
L « *m a h a g o w
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F ig u re  1.5 D is t r ib u t io n  o f S i lu r ia n  rocks in  the M id la n d  V a l le y  (MV) and 
S outhern  Uplands (SU) ( a f t e r  B luck  1 9 8 3 ).
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some o f these, a t le a s t ,  have been subsequently  shown to  be sub-aqueous, 
softr-sediment in tru s io n s  (Kokelaar 1982), These pass southw estw ards in to  a 
th in n e r  sequence o f cong lom era tes and sandstones. Around Cumnock th e  
th ickness is  estim ated as 1.7 km and in  the May bole i n l i e r  as 1.5 km.
T h ro u g h o u t th e  M id la n d  V a l le y  th e  Low er O ld  Red S andstone  l i e s  
unconform ab ly on S i lu r ia n  ro cks , except p o s s ib ly  in  the Lesmahagow and 
Hagshaw H i l ls  in l ie r s  (see f ig u re  1.5 fo r lo ca tio n s ) where the succession may 
be conformable ( I h i r lw a l l  1981).
Geochronological stud ies have placed most or possibly a l l  th is  v u lc a n ic ity  
in  the la te  S ilu r ia n  ( I h i r lw a l l  1983) and also suggest th a t some o f the m inor 
a c id ic  in tru s io n s  around T in to  are la te  S ilu r ia n  in  age (H e rr io t 1956; B luck 
1984).
W ith  these new age da te  c o n s tra in ts ,  i t  i s  c le a r  th a t  the  Lower Old Red 
Sandstone i s  p re d o m in a n tly , i f  n o t t o t a l l y ,  a la t e  S i lu r ia n  c o n t in e n ta l 
fac ies , and thus the unconform ity w ith  the Upper Old Red Sandstone may mark a 
considerable h ia tu s .
I . 3 .3 .2, Distinkhorn complex
The D is tinkho rn  igneous complex i s  an en igm atic p lu to n ic  complex cropping 
out over about 6 km^ and in truded  in to  Lower Old Red Sandstone and S ilu r ia n  
sediments a t  the northwestern corner o f the Lesm ahagow In l ie r  (see fig u re s
1.1 & 1.5 fo r  lo ca tio n s ). I t  i s  the only known Caledonian p lu to n ic  in tru s io n  
in  th e  M id land  V a lle y  y e t  ve ry  l i t t l e  i s  known about i t .  The on ly  d e ta ile d  
f i e l d  and p e tro lo g ic a l s tu d ie s  a re  found in  the  G e o lg ic a l Survey Memoirs 
(Sheet 22, Richey e t a l 1 930) and MacGregor & MacGregor (1936) (see f ig u r e  
1 .6).
There are very few exposures o f the p lu to n ic  rocks owing to  the extensive 
pos t-G lac ia l cover o f peat and boulder clay. Of the v a r ie ty  o f igneous rock- 
type s  p re sen t, none a re  found in  c o n ta c t w ith  each o th e r and th e re  i s  on ly
11
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one contact w ith  the country rocks.
Two main groups o f p lu to n ic  rocks are present. The o lder and le s s  extensive 
group are d io r i t i c  to  q u a r tz -d io r it ic ,  therm ally  a lte red  rocks which, when 
the o r ig in a l petro logy can be recognised, contain p lag ioclase (o ften  zoned) 
in  the an de sine-1 a bra do ri te  range, w ith  bi o t i te ,  aug ite  (sometimes d io p s it ic )  
and occas iona lly  hypersthene. Quartz and K fe ld spa r are always subordinate in  
volume, i f  present a t  a l l .  Hornblende and b i o t i te  are the common products of 
the thermal metamorphism which emplaced the second s u ite  o f rocks.
The second, and more e x te n s iv e ly  o u tc ro p p in g , group c o n s is t o f a medium 
grained to n a li té  conta in ing  andesine, orthoclase (o fte n  so d ie ), b i o t i  te  and 
primary hornblende w ith  i n t e r s t i t i a l  quartz.
Iso to p ic  age dates have been obtained fo r  the to n a lité  (Pidgeon & A f ta lio n  
1978) using U-Pb from  z irco n  fragments, and give an age of emplacement o f 386 
Ma. T h is  age i s  e q u iv a le n t to  da tes o b ta in e d  by the  same method fo r  the  
C r i f fe l - D a lb e a t t ie  (391 Ma) and F le e t (382 Ma) g ra n ite s  from  the 
Southern Uplands (Pidgeon & A f ta l io n  1 978; A f ta l io n  e t a l 1 984), and i s  
d is t in c t l y  younger than the  405-410 Ma ages quoted by T h i r lw a l l  (1983) f  or 
th e  Lower O ld Red Sandstone la v a s  o f the  n o rth e rn  M id land  V a lle y . The 
re la t io n s h ip  in  time between these lavas and the p e trd o g ic a lly  s im ila r  lavas 
of the Lower Old Red Sandstone in  the southern Midland V a lley  is  not d e a r, 
but s tra t ig ra p h ie  evidence (Bluck 1984) suggests th a t the base o f sedimentary 
sequence i n  th e  s o u th e rn  M id la n d  V a l le y  c o u ld  be o ld e r .  Thus th e  
contanporanous lavas must be a t  le a s t 405 Ma in  age, so th a t the D is tinkhorn  
Complex cannot r d a te  to  th a t episode of igneous a c t iv ity .
Regional maps of the g ra v ity  and aeromagnetic f i d d s  over the complex show 
on ly  s m a ll anom alies compared to  the  su rrou n d in g  co u n try  rocks, im p ly in g  
e ith e r  th a t  the d e n s ity  and m agne tic  s u s e p t ib i l i t y  va lu e s  are comparable 
(which, from the above p e trd o g ic a l d i s c r ip t ions, appears in l ik e ly ) ,  or th a t
13
the igneous complex has no great v e r t ic a l th ickness or buried la te ra l extent,
1.3 .3.3 Upper Old Red Sandstone
The Upper Old Red Sandstone is  everywhere separated from the Lower Old Red 
Sandstone by a marked unconform ity. I t  i s  a more th in ly  developed sequence 
than the Lower Old Red Sandstone and i t  i s  characterised by genera lly f in e r  
grained sediments. The th icke s t development o f the Upper Old Red Sandstone, 
a t  1 km, is  a t  the  NW m arg in  o f the  M idland V a lle y  (see f ig u r e  1.7). The 
fo rm a tio n  th in s  to  a u n ifo rm  0.5 km to  the south and east. On the b a s is  o f 
p a la e o c u rre n t a n a ly s is  on th e  c o n s t itu e n t groups o f  the  Upper O ld Red 
Sandstone, B luck (1978) has proposed an E or NE drainage d ire c tio n  throughout 
the Upper O ld Red Sandstone. Changes in  d is t r ib u t io n ,  g ra in - s iz e  and 
provenance o f these sed im ents in d ic a te  th a t  in  the  lo w e r d iv is io n  o f the 
Upper O ld Red Sandstone, se d im e n ta tio n  was co n fin e d  to  a s e r ie s  o f  s m a ll, 
f a u l t  c o n tro lle d  ba s ins  in  the NW co rner o f the M id land V a lle y , whose 
e x is te n ce  may be l in k e d  to  a lo c a l  te n s io n a l, or t ra n s te n s io n a l,  s tre s s  
regime, possib ly lin k e d  to  s tr ik e  s l ip  movement along the HBF i t s e l f  (B luck 
1978). Tne m idd le  d iv is io n  of the Upper Old Red Sandstone is  characterised by 
mature, braided stream type sediments, in d ic a tin g  a highland source to  the W 
and SW but o u tw ith  the present l im i t s  o f the Midland V a lley  o f Scotland.
Ihe southern Midland V a lley also rece ived some sedimentary in p u t from a 
m ature  S outhern  Upland source area a t  t h is  tim e . The upper d iv is io n  o f the  
Upper Old Red Sandstone is  c h a ra c te r is e d  by f in e r  g ra in e d  sedim ents, 
suggesting a more lo c a l ly  confined but a lso possibly a more mature source 
area. Some lo c a l ly  derived and lo c a lly  developed conglomerates may in d ica te  a 
m ino r r e a c t iv a t io n  o f the  HBF a t  the  to p  o f the  Upper Old Red Sandstone 
sequence (B luck 1978).
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F ig u re  1 . 7 D is t r ib u t io n  o f Upper O ld  Red Sandstone rocks in  th e  M id lan d  
V a l le y  ( a f t e r  B lu c k  1 9 7 3 ).
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1.3.4 Carboniferous rocks in  the southern Midland Valley
The base o f the C a rb o n ife ro u s  in  the M id land V a lle y  i s  ambiguous. I t  i s  
conventiona lly  placed a t  the base of the low est cementstone bed, but i t  can 
be argued (Lumsden & W ilson 1979), th a t the immediately underly ing Upper Old 
Red Sandstone is  Tournai s i an in  age and th a t the base o f the Tournai s i an is  
enclosed w ith in  the u n fo s s ilife ro u s  Upper Old Red Sandstone f lu v ia l  sequence.
Tota l thicknesses vary considerably across the western h a l f  o f the Midland 
V a l l ^  as shown by f ig u re  1.8, w ith  the g reatest th ickness o f Carboniferous 
sediments found in  A y rsh ira
The Carboniferous sedimentary sequence formed e n tire ly  in  e ith e r  shallow 
marine or f lu v ia t i le  environments w ith  lo ca lise d , o ften pe rs is ten t, vo lcan ic  
a c t iv ity  contemporaneous w ith , and o fte n  exe rting  co n tro l over, sedimentation 
(F ra n c is  1978; 1983). A summary o f the age ranges and la t e r a l  e x te n ts  o f 
Carboniferous igneous a c t iv i t y  is  provided in  f ig u re  1.9. However the major 
c o n tro l on s e d im e n ta tio n  from  e a r ly  D in a n tia n  to  m id -S ile s ia n , was 
d if fe re n t ia l  subsidence along NE-SW trend ing basement fra c tu re s , bounded by 
the  HBF and SUF (see f ig u r e  1.10). W ith in  the w es te rn  M id land  V a lle y ,  the  
near surface expressions o f these are the Dus kw a te r, Inchgo t r ic k  and Kerse 
Loch f a u l t s  (E y les  e t a l 1949; McLean 1966; 1978) and e lsew here by sharp 
g ra d ie n ts  on i  so pa ch co n to u rs  produced fo r  v a r io u s  s t r a t ig r a p h ie  le v e ls  
w ith in  the Midland V a lle y  (Kennedy 1958; Francis 1983).
Ihe source o f basement in s ta b i l i t y  a t th is  tim e  has not been traced to  one 
p a r t ic u la r  cause. Anderson (1951) showed th a t  a p e rio d  o f com pressiona l 
s tre s s  w ith  the  m a jo r a x is  o r ie n te d  N-S, would r e s u l t  in  s in i s t r a l  
tra n s p re s s iv e  movorient a long these f ra c tu re s .  The f i e l d  evidence i s  
equivocal. According to  McLean (1966) there  is  no conclusive evidence of such 
movements along major fa u lts  in  S Ayrshire, but W illia m s  (1962) does re p o rt 
evidence o f post-Caledonian wrench movement along major NE-3V fa u lts  in  the 
G irva n  re g io n . An a lte r n a t iv e  hyp o th es is  re la te s  the appa ren t r e la t iv e
16
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F ig u re  1 ,9  Summary o f the d is t r ib u t io n  o f ages and l a t e r a l  e x te n t o f
C arb o n ife ro u s  lavas  in  the  M id land V a l le y  (fro m  F ra n c is  1983;  
data from  De Souza 1979) .
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Map showing basement controls of 
volcanism and sedimentation during the 
Carboniferous. 1. Axes of syndepositional 
basins; 2. Syndepositional fractures; 3. Tecto- 
volcanic lineaments. A F Ardross Fault; BF 
Brodick Bay Fault; DF Dusk Water Fault; DL  
Dron Line; HBF Highland Boundary Fault; 
IF Inchgotrick Fault; KL Kerseloch Fault; 
OF Ochil Fault; PF Pentland Fault; PR Paisley 
Ruck; SF Straiton Fault; SUF Southern 
Uplands Fault.
F ig u re  1 .10  from F ra n c is  (1 9 8 3 ).
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s ta b i l i t y  o f the Highlands and the Southern Uplands compared w ith  the Midland 
V a lley , to  the increased bouyancy of the crust under these two regions due to 
the presence o f la rge  volumes o f late-Caledonian g ra n ite  (B o tt 1976; Leader 
1976).
During la te  Westphalian or early Stephanian tim es the s tress regime changed 
ab rup tly  producing E-W trend ing  fra c tu re s  which are d ire c t ly  associated w ith  
e x te n s iv e  t h o l e i i t i c  dyke and s i l l  emplacement dated c295 Ma (F itc h  e t a l 
1970; K lingspor 1976) covering an approxim ately 200 km wide b e lt extending 
in to  n o th e rn  England and w h ich  can be c o r re la te d  both g eoche m ica lly  and 
geo chronologic a lly  w ith  a s im ila r  s u ite  o f in tru s io n s  in  Norway (MacDonald et 
a l 1981).
During the la te  Carboniferous, the d ire c tio n  of p r in c ip a l regional s tress 
sw itched  from  a N-S te n s io n  to  a NE-SW te n s io n , g iv in g  r is e  in  the  w es te rn  
Midland V a lley  to  a series o f broad faulb-bounded basins in  which subsidence 
kept pace w ith  sedim entation through to  New Red Sandstone times. In  Ayrshire, 
th e  M auchline B a s in  i s  separated from  the  East A rran  B as in  to  th e  NW by a 
b lock bounded by the Dusk Water and In ch g o tr ic k  fa u lts  in  which there is  no 
evidence o f s t r u c tu ra l  c o n t in u ity .  To the  SE, the  Kerse Loch and Southern 
Uplands f a u l t s ,  s im i la r ly  d iv id e  the M auchline B as in  from  the Sanquhar 
Basin. Associated w ith  th is  l in e a r  fe a tu re  i s  the a n t ic lin a l sw e ll running 
from  Renfrew to  Lesm ahagow w hich  exposes the Clyde P la teau  Lavas N o f the 
In c h g o tr ic k  f a u l t  and th e  S i lu r ia n  rocks o f  the  Lesm ahagow I n l i e r  to  the  
south. McLean (1978) has proposed th a t these zones o f subsidence may be 
c o r re la te d  w ith  o th e r s im i la r ly  a lig n e d  bas ins  to  produce a 400 km lo n g  
l in e a r  zone o f contemporaneous subsidence, the 'C lyde B e lt ',  which is  lin ke d  
w ith  lo c a l vo lcan ic  a c t iv ity .  As th is  NW-SE tension i s  recognisable elsewhere 
in  northwestern Europe during the early  Mesozoic times, McLean proposed th a t 
the  subsidence cou ld  be due to  s tre s s  tra n s m it te d  re g io n a lly  due to
20
in i t ia t io n  o f p la te  movement from a new spreading axis. F a ilu re  would then 
have occured a long  t h is  lin e a m e n t e ith e r  due to  a focus in g  o f  s tre s s  
r e la t in g  to  the geometry o f the sp read ing  a x is  or due to  the presence o f a 
p rev iou s  l in e  o f weakness in  th e  c r y s ta l l in e  basement. The la t e r  p o in t 
s u ffe rs  from the problem th a t the 'Clyde B e lt ' crosses the Caledonian suture 
and so l in k s  two era tons w ith  separate pre-Cal edonide c ru s ta l id e n tity  and 
development.
However, as m entioned in  1.3.3.2, B luck  (1978) invoked th e  presence o f a 
s e r ie s  o f a p p ro x im a te ly  NW tre n d in g  fa u l t s  generated in  Upper Old Red 
Sandstone tim es as a re s u lt  o f transtensiona l s tress along the  HBF, producing 
(a) p u ll-a p a rt basin(s) in  the region o f Renfrew and the F ir th  o f Clyde, The 
s itu a tio n  of the East Arran Basin in  la te -C a rb o n if erous m ight then be re la te d  
to  r e a c t iv a t io n  o f these f ra c tu re s .  T h is  hyp o th es is  may be extended to  
account fo r  the  p o s it io n  o f the  M auchline and p o s s ib ly  Sanquhar B asins, 
depending on the  la t e r a l  e x te n t o f p ropa ga tion  o f these f r a c tu re s  d u rin g  
Upper O ld Red Sandstone tim es . (The o r ig in a l  assum ption was o f  a lo c a l  
te n s io n a l or tra n s te n s io n a l s tre s s  regim e ce n tred  around th a t p a r t  o f the  
HBF, and a r is in g  from dextra l s t r ik e -s i ip  movement along i t .  Sedimentological 
evidence does n o t o f fe r  any su p p o rt fo r  c o n tin u in g  these f r a c tu re s  much 
fu r th e r  south than N Ayrsh ire ). This hypothesis cannot exp la in  the existence 
o f a ligned basins developed NW of the tBF, i f  indeed th is  a lignm ent is  more 
than c o in c id e n ta l,  nor bas ins  found co n s id e ra b ly  fu r th e r  south o f the  SUF. 
The absence o f any subsidence between the Dusk Water and In c h g o tr ic k  fa u lts  
may be a problem w it h in  th e  h yp o th es is , but may a lso  be due to  a m ajor 
d iffe re n ce  in  upper c ru s ta l s tru c tu re  in  th is  region compared w ith  the areas 
to  the  N and S.
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1.4 Geological evidence fo r the nature of the basement in  the Midland Valley.
The geolog ica l evidence fo r  the nature of the basement w ith in  the Midland 
V a lle y  comes from  two m ain sources; c ru s ta l x e n o lith s  from  v o lc a n ic  ve n t 
agglomerates (Upton e t a l 1976; Graham & Upton 1978; Upton e t a l 1983; 1984) 
and provenance r e la t io n s  o b ta in e d  from  c la s ts  found in  Lower P a leaozo ic  
cong lom era tes now c ro p p in g  o u t a long the m a rg in a l re g io n s  o f the M id land 
V a lley (Longman e t a l 1979; B luck 1983).
1.4.1 Crustal xenoliths
W ith in  th e  M id land V a lle y , x e n o lith s  a re  found in  v e n ts  e x c lu s iv e ly  
C a rb o n ife ro u s  in  age ( f ig u r e  1.9), and com prise a s u ite  o f ro cks  y ie ld in g  
in io rm a tio n  on c ru s ta l and upper mantle composition down to  around 100 km, as 
i t  was d u r in g  la te  P a leaozo ic  tim es. S ince then, th e re  have been on ly 
v e r t ic a l movements w ith in  th is  region, and so a study o f these x e n d ith s  can 
p ro v id e  a u s e fu l source o f in fo rm a t io n  on l i t h o lo g ic a l  types, as d is t in c t  
from  p h y s ic a l p ro p e r t ie s , p resen t w i t h in  g iven  depth ranges in  th e  
lithosp he re . As th is  p ro je c t is  concerned w ith  upper c ru s ta l s tru c tu re , there 
is  no need f o r  a d is c u s s io n  o f the  u l tra b a s ic , m a n tle -d e r iv e d  p o r t io n  o f 
th is  x e n o li th  s u ite ,  a lthough  i t  p ro v id e s  more than h a l f  the number o f 
cry s ta l l  i  ne samples.
The p é tro g ra p h ie  s im i la r i t y  o f a l l  p y ro x e n e -fe ld s p a r b a s ic  g ra n u l i te  
in c lu s io n s  across the reg ion from the N o f Scotland to cen tra l Ire land , along 
w ith  the absence o f any other common xe n o lith  l ith o lo g y  com patible w ith  the 
observed LISFB c7 km s"** low er c ru s ta l v e lo c ity  (Bamford 1979), im p lie s  th a t 
th e  lo w e r c ru s t i s  dom inan tly  gabb ro ic  to  d i o r i t i c  in  co m p os itio n , but 
possib ly conta in ing  lo c a lis e d  zones w ith  a n o rth o s it ic  fra c tio n s  (Upton e t al
1983; C o lle tte  e t a l 1970).
W ith in  th e  M id land V a lle y , q u a r tz - fe ld s p a r  gne iss  x e n o li th s  w ith  very 
occasional garnet are found in  vents in  Renfrewshire, Ayrsh ire  and along the
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F ife  coast, and a re  in fe r r e d  to  be samples o f  the  sub -P a laeozo ic  basement 
(Upton e t a l 1976). There i s  no evidence o f a 1 ow e r-g ra d e  metam or phi c 
basement la y e r  as m ig h t be expected i f  Dal ra d ian  rocks u n d e r l ie  th e  Lower 
P a laeozo ic  sedim ents (Upton e t a l 1983; c f Dewey 1971). Samples s im i la r  to  
Southern Uplands sedimentary sequence are also conspicuously absent (Upton e t 
a l 1976). On the assumption of a chemically-zoned con tinen ta l c rus t becoming 
more s i l ic e o u s  upwards (Rogers 1977), the  a c id  gne isses g e n e ra lly  may be 
d e riv a tiv e s  frcxn more s u p e r f ic ia l c ru s ta l la ye rs  than those tha t supplied the 
b a s ic  g ra n u l i te s  (Upton e t  a l 1 983). X e n o lith s  from  th is  re s id u a l but 
in te rm e d ia te  com pos itio n  do n o t appear to  be p resen t, or have n o t y e t been 
recognised.
U n fo lia ted  igneous xe no lith s  are not common, but where found they can be 
co rre la ted  w ith  exposed Caledonian plutons or w ith  g ra n it ic  bodies proposed 
from  geophys ica l evidence (eg Tweeddale g ra n ite , Lag ios & H ip k in  1979). 
C rustal xe n o lith s  from vents in  the Southern Uplands also shew a con tinen ta l 
a f f i n i t y  in s te a d  o f  ocean ic as w ould  be expected i f  the  Southern Uplands 
a c c r e t io n a r y  p r is m  was f lo o r e d  by o c e a n ic  c r u s t .  The r e s u l t s  o f 
in te rp re ta t io n  o f the WINCH p ro f i le  N o f the Solway Basin (Brewer e t a l 1983; 
H a ll e t  a l  1984), show th a t the n o rth e rn  edge o f the  B a l t ic  C on tinen t does 
not extend fo r  any g reat distance northwestwards under the Southern Uplands, 
and so con tinen ta l c rus t beneath these vents must be re la te d  to  the Midland 
V a lle y  c o n tin e n ta l c ru s t. T h is  then  suggests th a t an allochthonous contact 
may e x is t  between the c o n tin e n ta l basement and the Lower P a laeozo ic  
sedimentary prism.
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1.4.2 Lower Palaeozoic conglomerate provenances^
W ith in  the O rd o v ic ia n  (L la n v irn  to  A s h g i l l )  sed im entary sequence around 
G irvan , th e re  e x is t  a s e r ie s  o f  NW d e rive d  cong lom era tes (see 1 .3 .1 ). 
Provenance re la t io n s  in d ica te  sources which comprised basic and ul traba s ic , 
predominantly in tru s iv e , igneous rocks (see f ig u re  1.11). Later conglomerates 
re c o rd  the  in f lu x  o f g r a n i t ic  m a te r ia l w h ich  i s  p é tro g ra p h ie  a l ly  and 
is o  t o p ic a l ly  d is s im i la r  to  p o s s ib le  H igh land  sources (van Breemen & B lu c k  
1981; c f Yardley e t a l 1982). The size of these c la s ts  in d ic a te  th a t much o f 
t h is  m a te r ia l was d e rive d  from  sources no more than 50 km to  the  NW ( ie  N 
Ayrsh ire) and probably w ith in  an a c tive  is la n d -a rc  environment (Longman e t a l 
1979; B luck 1983).
The o ldes t two o f the th ree  major S ilu r ia n  conglomerates, the ' igneous' and 
'q u a r t z i t e '  conglom erates (McGiven 1967; B luck  1 983)(see 1.3*2), in d ic a te  a 
provenance from  the  SE (except around G irvan , NW) fo r  the  d e riv e d  a c id  and 
b a s ic , in t r u s iv e  and e x tru s iv e  igneous rocks ; and a p r o l i f i c  source o f 
m etaquartz ite . Again, on the basis o f geochemical and iso  to p ic  evidence, th is  
has been proposed as in d ic a tin g  d e riva tio n  from an is la n d -a rc  regime, but new 
s itu a te d  a short distance to  the SE. This movement may be in  l in e  w ith  the 
co inc iden t southeasterly m ig ra tion  of the la  pet us trench margin. This is la n d - 
a rc  i s  n o t v i s ib le  in  th e  n o rth e rn  p a r t  o f the  Southern Uplands a t  p resen t, 
and Y ard ley  e t a l (1982) m a in ta in  th a t  th is ,  a long w ith  the c o n t in e n ta l 
source o f the  s o u th e rly  d e rive d  Southern H igh land  Group o f  the  Dal ra d ia n  
(P h il l ip s  1976; H a rris  e t a l 1978), has been removed by s t r ik e - s l ip  movement 
d u r in g  th e  Upper P a laeozo ic  and cannot now be tra ce d . However Upton e t  a l 
(1976), Longman e t a l (1979), Thi r lw  a l l  (1981; 1983) and B lu ck  ( 1983; 1984) 
have, w ith  an in c re a s in g  volume o f evidence, proposed th a t  the  Southern 
Uplands a c c re tio n a ry  p rism  i s  a llo ch th o n o u s  on c r y s ta l l in e  basement o f 
Midland V a lley  co n tin e n ta l/is la n d -a rc  a f f in i t y ;  and th a t th is  o v e r-th ru s tin g  
took place sometime between the d e p o s itio n  o f the 'q u a r tz i te  cong lom era te '
24
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F ig u re  1 ,1 1  Change in  conglom erate com position and po ss ib le  c o n f ig u ra t io n  
o f th e  M id land  V a l le y  source during  O rd o v ic ia n  to  S i lu r ia n  
tim e  (fro m  B lu c k  1 9 8 3 ).
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and th e  f i n a l  S i lu r ia n  cong lom era te  -  the  'greywacke cong lom era te ' (see 
f ig u re  1.5 fo r  s tra tig raphy), when a t  la s t ,  southeasterly derived sediment, 
re co g n isa b ly  from the Lower P a laeozo ic  a c c re t i  onary p rism , is  found in  
Midland V a lley  sediments,
1.5 Regional geophysical background in  the  Midland V a lley
1.5.1 Regional g ra v ity  s tu d ie s
The e a r l ie s t  re g io n a l geophys ica l study o f the  c ru s ta l s t ru c tu re  o f the 
Midland V a lley  was performed by Mdean & Qureshi (1966) who used the g ra v ity  
coverage then a va ila b le  to  construct a p ro f i le  across the western p a rt o f the 
M id land  V a lle y  and p e rp e n d icu la r to  the HBF and the SUF, The*? da ta  wene. 
s tripped  to  the base of the Old Red Sandstone so th a t the sedimentary cover 
could be represented by an equiva lent thickness o f Lower Palaeozoic sediments 
o f d e n s ity  2720 kg m” ^. From th is ,  they produced a tw o la y e r  c ru s ta l model 
w h ich  showed the c ru s t w ith in  the M id land V a lle y  to  have a th ic k n e s s  o f  
a p p ro x im a te ly  32 km, and bounded to  the  N and S by th icke ne d  c ru s t ;  t h is  
th icken ing  o f 5 km occuring only w ith in  the upper c ru s t and requ ired  a t th is  
shallcw le v e l to  provide the marginal gradients.
W ith  a complete g ra v ity  coverage of northern B r ita in  new ava ilab le  (Hussain 
& H ip k in  1981), i t  i s  apparen t th a t  the  g ra v ity  g ra d ie n ts  do n o t c lo s e ly  
r e la te  to  the boundary fa u l t s  d e f in in g  the M id land V a lle y , The g ra v ity  lo w  
w ith  amplitude -100 mgal, elongated to  the SE o f and p a ra lle l to  the SUF NE 
o f the  Sanquhar bas in  has been p o s tu la te d  as be ing  the  r e s u l t  o f a la rg e  
g ra n ite  in tru s io n  a t  shallow depth w ith  a density o f 2650 kg m“ 3 ,g iv in g  a 
density co n tra s t w ith  the country rock o f -70 kg m“ 3 (the TWeeddale g ra n ite ; 
L a g io s  & H ip k in  1979). A lso, m o d e llin g  o f  the  g ra v ity  f i e ld  in  th e  
sou thw este rn  p o r t io n  o f the Southern Uplands around the p o s t-C a led on ia n  
a c id ic  in tru s io n s  o f Loch Doon, Cairnsmore of F lee t and C r i f f  e l l  (E l-Batroukh 
1975), has suggested th a t the Loch Doon and Cairnsm ore o f F le e t bod ies a re
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connected a t a  depth o f around 7.5 km by a s a d d le - lik e  s tru c tu re ,  and th a t  
they r e s t  on a 4.5 km th ic k  s lab  o f m a te r ia l o f in te rm e d ia te  com pos ition . 
This slab th in s  to  around 2 km in  th ickness between Cairnsmore of F lee t and 
C r i f f  e l l ,  and extends under the C r i f f  e l l  body a t  a depth o f around 10 km. 
Fran th is  study, i t  has been concluded th a t a l l  the exposed post-Caledonian 
g ran ites  in  the southwestern Southern Uplands are connected a t depth, but no 
evidence has been produced to  in d ic a te  th a t  t h is  b a th o l i th  may have a 
co nnec tion  a t  depth to  the NE w ith  the concealed Tweeddale body. S e ism ic  
re fra c t io n  in v e s tig a tio n s  are a t present underway to  a tte n p t to  reso lve  the 
r e la t io n s h ip  between the basa l, in te rm e d ia te  co m p o s itio n a l la y e r  and the 
M id la n d  V a l le y  basem ent in  s o u th e rn  A y r s h ir e  (D .M a jid , p r iv a t e  
communication). The im p lic a tio n s  o f these stud ies o f the g ra v ity  f i e ld  have 
been to  p o s tu la te  a very la rg e  volume o f g r a n i t ic  m a te r ia l e x is t in g  a t  
present a t shallow depths in  the NE and SW of the Southern Uplands.
The reg iona l g ra v ity  grad ient on the northern margin o f the Midland V a lley  
is  now seen to  be cen tred  some 20 km to  the N o f the HBF. I t  has been 
proposed as r e la t in g  to  the  -100 kg m"^ d e n s ity  c o n tra s t between th e  
Dal rad ian and Moine rocks of the Central Highlands (H ipkin  & Hussain 1983).
16 2  The LOWNET array
A network o f sho rt-period  seismometers s ite d  around the  eastern p a rt o f the 
M id land  V a lle y  and named L OWN ET, was e s ta b lis h e d  in  1969 by the then 
I n s t i t u t e  o f  G e o lo g ic a l S c ie n ce s  w i t h  th e  aim o f m o n ito r in g  lo c a l  
se ism ologica l a c t iv i t y  (see f ig u re  1.12 fo r  lo ca tio n s ). W ith  th is  purpose in  
m ind, a p re lim in a ry  upper c ru s ta l model based on o b s e rv a tio n s  o f  P-wave 
a r r iv a ls  generated mainly from commercial quarry b la s ts  w ith in  the Midland 
V a lle y  was p u b lish e d  in  1970 (see f ig u r e  1.13) (C ram pin e t  a l 1970). T h is  
model took the form of a three layered upper crust. The top two la ye rs  were 
characterised  by P-wave v e lo c it ie s  o f 3 km s-^ and 567 km s"*', and assumed
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29
to  re p re s e n t the P a laeozo ic  sed im entary sequence. A t between 7 km and 8 km 
depth, a r e f r a c to r  c h a ra c te r is e d  by a P-wave v e lo c i ty  o f 6,4 km s"^ was 
assumed to  represent the top of the c ry s ta llin e  basonent^The nature of th is  
in te rp re ta t io n , together w ith  the wide d is t r ib u t io n  of q ua rrie s  and rece ive r 
s ta tio n s  re s u lt  in  a broad in te rp re ta t io n  of the reg iona l c ru s ta l s tru c tu re  
which bears very l i t t l e  re la t io n s h ip  to  surface g e o lo ^  and s tru c tu ra
1.5.3 The L IS  PB study
In  1 974, the  L ith o s p h e r ic  S e ism ic  P r o f i le  across B r i t a in  (L IS PB) was 
recorded (Bam ford 1979; Bam ford e t  a l 1978; 1977; 1976), I t  crossed the 
M idland V a lle y  on a N-S l in e  cen tred  on Edinburgh (see f ig u r e  1,14 fo r  
lo c a t io n s ) .  Again, the in te r p r e ta t io n  d e fin e d  a th re e  la y e re d  upper c ru s t  
w ith  boundaries a t  between 2-3 km and between 7-8 km depth ( f ig u re  1,15). The 
P-wave v e lo c i t ie s  quoted  f o r  Layer 1, 4 ,0 -5 .0  km s"^ ( f ig u r e  1.15a), were 
in te rp re te d  as th e  d ir e c t  a r r iv a l  (a ^) th rough  C a rbon ife ro us  and Old Red 
Sandstone sedim ents. T h is  was fo llo w e d  by the aQ re fra c te d  phase g iv in g  a 
v e lo c ity  from plus-m inus a na lys is  o f 5.93 -  0.03 km s"** between shotpo in ts  1 
and E, and 5,84 ± 0,02 km s"^ between s h o tp o in ts  E and 2, W ith  ra y - t ra c e  
m o d e llin g , t h is  phase was best f i t t e d  u s in g  a v e lo c i ty  o f 5.8 km s"*' 
inc reas ing  to  6.0 km s"^ a t  7 km depth, This laye r. Layer 2, was a ttr ib u te d  
to  Lower Palaeozoic sediments, Ihe re fra c to r  generated from the top o f Layer 
3 and in te rp re te d  as the top o f c ry s ta llin e  basement (a-j) was, in  the absence 
o f s u ita b le  reversed coverage fo r  a plus-m inus analys is, poorly constrained 
from p lane -laye r m odelling  to  have a P-wave v e lo c ity  o f 6,50 -  0,17 km s " \  
Subsequent ra y -tra c in g  showed th a t a value of 6,40 km s"** increasing  to  6,45 
km s“ ** a t  the base, gave a to le ra b le  f i t  to  the tra v e l- t im e  data, w h ile  s t i l l  
re m a in in g  w i t h in  th e  e r ro r  e s tim a te s  o f  the  mean apparen t v e lo c i ty  
determ ination.
The in te r p r e ta t io n  o f the  a  ^ r e f r a c to r  phase as be ing  generated from  the
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F ig u re  1 . 1 4  L o c a tio n  map fo r  the  LISPB study  
(fro m  Bamford e t a l  I9 7 é ) .
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F ig u re  1 .1 5  C ru s ta l s tru c tu re  o f n o rth e rn  B r i t a in  from  
th e  LISFB study ( a f t e r  Assumpcao & Bamford 
1 9 7 8 ).
a ) P-wave s t ru c tu re .
b ) P o is s o n 's r a t io  s tru c tu re  using th e  t ^ / t ^  
method.
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top  o f the c r y s ta l l in e  basement was con firm ed  by u lt r a s o n ic  P and S-wave 
measurements on cores o f Lewi s i an rock samples (H all & Al-Haddad 197 9; H a ll & 
Simmons 1 979; Al-Haddad 1977), who concluded th a t  anhydrous pyroxene 
g ra n u lite s ,  s im i la r  to  those found in  th e  C en tra l B e l t  o f the  L e w is ia n  
fo re land , would give the best l i th o lo g ic a l match to these data.
The LISPB p r o f i le  was conceived as a l i t h o s p h e r ic  e xpe rim en t w ith  
s h o tp o in ts  spaced a t  le s s  than 1 per 100 km and w ith  an average re c e iv e r  
spacing  o f  3 km. T h is  geometry p rec lud es  th e  accu ra te  d e te rm in a tio n  o f 
d e ta iled  c ru s ta l s tru c tu re  w ith in  the top 2-3 km of c rus t (Bamford 1979).
Shear wave s tu d ie s  o f  the  M id land V a lle y  p o r t io n  o f the  LISPB d a ta se t 
(Assumpcao and Bamford 1978; Assumpcao 1978), a llo w e d  the m o d e llin g  o f 
P o is s o n 's r a t i o  d is t r ib u t io n  us in g  th e  t g / t p  method ( f ig u r e  1.15b), The use 
o f both  P and S-wave data a llo w s  g re a te r con fidence  to  be p laced in  any 
r e s u lt in g  l i t h o lo g ic a l  in te r p r e ta t io n  as P and S-wave v e lo c i t ie s  a re  n o t 
l in e a r ly  r e la te d  in  th e ir  response to  v a r ia t io n s  in  c o n s t i tu e n t  m in e ra l 
p ro p o rtio n s . T h is  techn ique  has been used successfu lly  in  de tecting  sub tle  
v a r ia t io n s  in  l ith o lo g y  and porousity by a number of authors (eg Tatham 1982; 
H a ll & A l i  1985). U n fo r tu n a te ly , due to  the  l im i t a t io n s  o f  the  d a ta se t 
m entioned above, the upper la y e r  (L a ye r 1) was m ode lled  ac ross  the e a s te rn  
Midland V a lley  w ith  a bimodal d is t r ib u t io n  o f blocks which has only a very 
loose assoc ia tion  w ith  the surface d is t r ib u t io n  o f Upper Palaeozoic sediments 
and v o lc a n ic  rocks. S im ila r  m o d e llin g  o f  Layers 2 and 3 show va lues  o f 
Pois son's r a t io  w h ich  are s ig n i f ic a n t ly  lo w e r than the c ru s ta l average o f 
0.25 and lo w e r than th e  va lu e s  o b ta in e d  fo r  the  su rrou n d in g  c ru s t  to  th e  N 
and S o f the M id land V a lle y . F ig u re s  1 .l6 a ,b ,c ,d  show the t ^ / t p  data on 
which the upper c ru s ta l model fo r  the Midland V a lley  is  based.
The tg / tp  method has both an advantage and a disadvantage over the normal 
Vp/Vg method o f c a lc u la tin g  Poisson's r a t ia  The form er i s  th a t tg and tp  can
33
crX
Q_
(X
LUÜOLUŒ Z
tn
Q Q
S9 ‘ l59 • l 08* I 08* l 59* 1
CC
wOO
O C Xus»—
en
O
59*158* l
cr
X
0_
_ )
CE
Œ
LU
CD
Î8* I 08*1 S i * l
j l / S i = W
0^ * l
o
z
OCX
in
CD
F ig u re  1. lé  t ^ / t  r a t io  data from  LISPB. Diagram s a ) ,  c) & d) 
a re v e rs e d  coverage across the M id lan d  V a l le y  and 
S outhern  Uplands (fro m  Assumpcao & Bamford 1978 ).
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be measured d ire c t ly  from thex da ta, removing the need to ca lcu la te  Vp and V3, 
and so m in im is in g  th e  c u m u la tiv e  e f fe c t  o f e r ro rs  in  th e  c a lc u la t io n .  The 
disadvantage is  in  the assumption of common ray paths and raypath leng ths  fo r  
both P and S waves. T h is  cou ld  be a se rio u s  d e fic ie n c y  in  a medium o f 
la te r a l ly  va ry ing  physical p roperties.
The p u b lish e d  g e o lo g ic a l model o f the  LISPB data in te r p r e ta t io n  ( f ig u re  
1. 17) (eg Bamford 1979), was acknowledged by the a u th o rs  as be ing the 
s im plest and the re fo re  most l ik e ly  so lu tio n  given the background geologica l 
know ledge  a t  t h a t  t im e . S in c e  th e n , t h i s  m odel has been used, by 
geophysic ists a t  le a s t, as a basis fo r  fu r th e r  research w ith  the in e v ita b le  
re s u lt  tha t some o f the o r ig in a l assumptions have been proven e ith e r  in v a lid  
or only p a r t ia l ly  correct.
1.5.4 The Broughton array and subsequent studies
One o f th e  f i r s t  te s ts  o f  lo c a l is e d  aspects  o f  the  LISPB model was in  th e  
a ttem pt to  reco n c ile  the 12 km th ic k  Lower Palaeozoic sedimentary la ye r o f 
LISFB in  the Southern Uplands w ith  the previously published proposal (Powell 
1970; 1971) th a t magnetic c ry s ta llin e  basement should u nde rlie  the Southern 
Uplands a t  shallow depth.
To th is  end, a temporary 9 -seismometer Geostore array was operated in  the 
B roughton  area some 10 km SE o f the SUE, w ith  the in te n t io n  o f re c o rd in g  
q u a rry  b la s t  data from  e ith e r  s ide  o f the  f a u l t  (E l Isa  1978). Due to  the  
l im i t e d  d is t r ib u t io n  o f a c t iv e  q u a r r ie s  recorded  d u r in g  th a t  tim e , the  
re s u lts  in  themselves were not completely conclusive, but they d id  suggest 
the occurence o f a h ig h  v e lo c i ty  la y e r  (Vp > 5.8 km s” **) a t  no more than a 
few k ilo m e te rs  depth beneath the array and d ipp ing to  the NW. This work and 
measurements from a s im ila r  study over the Eskdalemuir a rray (EKA), have been 
combined w ith  a la te r  study in to  the physical p rope rties  o f Lower Palaeozoic 
sediments using u ltra s o n ic  measurements on small rock cores to  presures o f 5
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F ig u re  1 .17 G e o lo g ic a l in te r p r e ta t io n  o f  the p o rtio n  o f the  LISPB 
study across n o rth e rn  B r i t a in  (fro m  Bamford 1979) .
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kbars (Adesanya 1 982). These r e s u lts  have been summarised by H a ll e t a l 
(1984) ( f ig u r e  1.18). I t  was found th a t the v e lo c ity -d e p th  ranges o f the  
Lower P a laeozo ic  sed im ents, re g a rd le s s  o f  the  r a t io  o f greywacke to  sha le  
used, were much low er than the P-wave v e lo c it ie s  quoted from  L IS I^  fo r  e ith e r 
th e  Southern  Uplands or the  M id land V a lle y  Layer 2 a t e q u iv a le n t depths. 
S im ila r ly  the values of Poisson’ s ra t io  obtained from these cores show values 
d is t in c t ly  higher than predicted by LISFB fo r the Lower Palaeozoic la ye r, and 
more in  l i n e  w ith  the expected va lu e s  fo r  c la s t ic  sed im entary rocks, 
V e lo c i ty -d e p th  in fo rm a t io n  from  the  Southern Uplands P r o f i le  (SUSP) (see 
f ig u r e  1.18, and Warner e t a l 1982) a lso  tend  to  co n firm  these re s u lts ,  
a lthough  the  aim o f t h is  p r o f i le  was more to  co n firm  the  presence o f h ig h - 
v e lo c i t y ,  ’ g r a n i t e - l ik e ’ m a te r ia l under the la rg e  Tweeddale g ra v ity  low  
(Lagios and H ipk in  1979).
As a r e s u l t  o f a magnetometer study a long th e  l in e  o f the  LISPB p r o f i le  
across the M id land V a lle y ,  P ow e ll (1978) proposed the s u b -d iv is io n  o f the 
LISFB Layer 3 in to  two groups, one more h ig h ly  magnetised than the  other. He 
proposed th a t  the  more h ig h ly  m agnetised la y e r  cou ld  re p re s e n t hornb lende 
g ra n u lite  re trogressed from pyroxene g ra n u lite .
Subsequent work on the Lew isian U n its  Seismic Traverse (LUST, H a ll 1978) 
( A l i  1 983; H a ll & A l i  1985) has shown th e  p o te n t ia l o f u s in g  S-wav es to  
produce a Poisson’ s Ratio model obtained from the combination o f P-wave and 
S-wave v e lo c i ty  models, to  re s o lv e  zones o f  re g re s s io n  and changes in  
l i t h o lo g y  across  the N o rth e rn  and C e n tra l B e lts  o f the L e w is ia n . The 
a p p lic a t io n  o f such a techn ique  to  an e x te n s iv e , good q u a l i t y  d a ta se t from  
th is  r e f r a c t in g  la y e r  cou ld  p ro v id e  a means to  t e s t  t h is  hypo thes is . 
U nfortunate ly th is  dataset does not y e t ex is t.
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g w
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g
Velocity-depth distributions for the Southern Uplands 
(note: depth scale is logarithmic). Solid lines show along-strike 
velocities and dotted lines across-strike velocities. EK A  curves 
combine observations at short range (2 shallow-depth curves) and 
longer range dominantly across strike. SML is from an array study 
at St M ary’s Loch in slow belt S2. F3 is from a shallow refraction 
survey in the northern fast belt. Dotted area (gw) shows range of 
velocities measured in Lower Palaeozoic greywackes. Plusses indi­
cate range of velocities in plutonic rocks from measurement on 
Spango granodiorite (gd) with estimates for diorite (d) and granite 
(g). SUSP, Southern Uplands Seismic Profile.
F ig u re  1,18  from H a l l  e t a l  ( 1 9 8 3 ) .
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1.6 Summary
Both labo ra to ry  and f ie ld  experiment studies in  the Southern Uplands have 
suggested th a t the v e lo c ity  d is c o n tin u ity  a t shallow depth is  not the change 
between w eathered ro c k  and i t s  p h y s ic a l ly  sound e q u iv a le n t, ( t h a t  can be 
shown to  occur a t  a h ig h e r c ru s ta l le v e l)  but due to  a change in  ro ck  type, 
l ik e  th a t found w ith  a change from sedimentary to  c ry s ta llin e  rock (Adesanya 
1982; H a ll e t a l 1983; B o tt e t a l 1985). O live r and Leggett (1980) and O live r 
e t a l (1984) have proposed, on th e  b a s is  o f  conodont c o lo u r, g r a p to l i t e  
re fle c ta n ce  and i l l i t e  c r y s ta l l in i t y ,  th a t th is  d is c o n tin u ity  could be due to  
a change in  m etam orphic fa c ie s  such as th a t  from  p re h n ite -p u m p e lly ite  to  
greenschist fa c ie s ; but the w eigh t o f data a t present supports the hypothesis 
th a t th is  d is c o n tin u ity  marks the top o f a moderately high grade metamorphic, 
probably con tinen ta l, la ye r.
T h is  r e in te r p r e ta t io n  has c o n s id e ra b le  s ign ifica nce  to  the upper c ru s ta l 
s tru c tu re  of the Midland V a lley , as the predicted s tru c tu ra l co n tin u ity  o f 
t h is  in fe r r e d  c r y s ta l l in e  basement in to  the  M id land V a lle y  fo rc e s  a 
re a p p ra is a l o f c e r ta in  aspects  o f the te c to n ic  re c o n s tru c t io n s  o f the 
Caledonides N o f the laepetus Suture, In  p a r tic u la r , by p o s tu la tin g  basement 
a t  3 km depth in s te a d  o f  7 km ( c f  1.5 .3) in  the sou thern  and w este rn  p a rts  
of the Midland V a lley, th is  re in te rp re ta tio n  does not a llow  fo r the expected 
th ic k  Lower Palaeozoic sedimentary succession in  th is  reg ion, as predicted by 
the  models o f  Dewey (1971), M itc h e ll  and McKerrow (1975), Lam bert and 
McKerrow (1976), L e g g e tt e t a l (1979; 1983), and Y ard ley e t a l (1982), who 
envisage the Midland V a lley as a fo re -a rc  basin re ce iv in g  sediment from the 
ra p id ly  u p l i f t in g  and eroding Dalradian highlands to  the N,
This p ro je c t has been to  in v e s tig a te  the nature o f the LISFB laye rs  2 and 3 
in  the southern p a rt of the Midland V a lley , re la t in g  them to both the LISPB 
p r o f i le  and th e  Broughton a rra y  study. I t  com p lim ents  a p a r a l le l  p ro je c t  
which i s  in v e s tig a tin g  the sub-Carboniferous s tru c tu re  beneath the C en tra l
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C oa lfie ld , w ith  p a r t ic u la r  reference to  the nature of the Bathgate Bouguer 
g ra v ity  and aeromagnetic anomalies (H a ll & Dagley 1970; Hossain 1978; Alomari 
1980; Sola & Powell 1983; Davidson e t a l 1983; 1984; and Sola 1985).
40
Chapter 2 Equipment, data aquisition and procedure
2.1 Introduction
The data presented here were co lle c te d  over the f u l l  th ree year duration  of 
th is  p ro jec t. Two equipment systems were used: NERC Seismic Equipment Pool 
Geostore recorders w ith  W illm ore  Mk 3 seism an eters, and Glasgow FM cassette 
recorders (designed and b u i l t  w ith in  the Department o f Geology) w ith  e ith e r 
Mark Products or Mandrel 4,5 Hz geo phone s.
The Geo store data was co llec ted  during two loan periods: three weeks from 
the  end o f August to  m id September 1982, and e ig h t  weeks from  m id May to  
e a r ly  J u ly  1983. The Glasgow re c o rd e rs  have been used in te rm ii te n t ly  from  
November 1981 th rough to  August 1 984, p r im a r i ly  to  f i l l  in  data around th e  
areas covered by the Geo store  loans,
2.2 F ield  recording equipment
The fo llo w in g  section  gives a b r ie f  review o f the techn ica l s p e c if ic a tio n  
and f ie ld  implementation o f both types o f equipment,
2.2.1 The Geostore System
The techn ica l s p e c if ic a tio n  of the Geostore record ing system is  genera lly 
w e ll known so only b r ie f  d e ta ils  w i l l  be given he ra
The Geostore record ing system is  based on a lew-speed, re e l- to - re e l tape 
re c o rd e r us ing  1 /2 ", 2 4 0 0 ft m agnetic  tapes on 8" re e ls . I t  can re co rd  up to  
14 channels (7 using b i-d ire c t io n a l mode) o f which 10 (4) are conventiona lly 
a va ila b le  fo r  seism ic data. Only one of the f iv e  Geostores employed was used 
in  th is  b i-d ire c t io n a l mode, as the others were used (or were intended to  be 
used) fo r  record ing  more than seven channels. The rem aining channels record 
the Vela-encoded in te rn a l clock, an exte rna l time-code ( in  th is  case the MSF 
code from  Rugby), and a w o w -a n d - f lu t te r  m o n ito r  f o r  each tape head. As the 
prim ary in te n tio n  fo r  these Geostore loans was to  record quarry b la s ts  in  the
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15-50 km range, a tape speed o f 15/160 in  s” * was used th roughou t, g iv in g  a 
high frequency c u to ff  of 32 Hz,
V e r t ic a lly -s e n s it iv e  W illm cre  Mk 3 seismometers were used fo r  a l l  s ta tions. 
These were c a lib ra te d  and se t to  a n a tu ra l frequency o f  1 Hz p r io r  to  each 
loan by s ta f f  a t the NERC Seisomological Equipment Pool centre  in  Edinburgh. 
The ou tpu t from a seismometer was am p lifie d  and frequency modulated around 
676 Hz by a Racal D6230 amp-mod.
For the 1982 loan, two Geo sto re  recorders and 15 W illm ore  Mk 3 seismometers 
were employed: a l l  s ite d  on cement bases, w ith  a l l  but two in  d ire c t contact 
w ith  rockhead. One seismometer was s ite d  on s t i f f  boulder d a y  some 5 m above 
rockhead, the o th e r on a la rg e  b o u ld e r w h ich  could be no more than a few 
m etres  above rockhead. A l l  s i te s  w ere  p ro te c te d  from  the  e lem ents by t u r f  
and /o r stone c a irn s  su rro u n d in g  and e n c lo s in g  them, and were s e is m ic a lly  
q u ie t .  The on ly e xcep tio ns  to  t h is  w ere those s i te s  w h ich  had to  be p laced 
c lo se  to  the on ly  main road in  the area, and w hich  s u ffe re d  severe but 
t r a n s ie n t  no ise on an in fre q u e n t and random b a s is  due to  the  passing  road 
t r a f f ic .  Problems were encountered c o n s is te n t ly  th ro u gh o u t the loa n  p e rio d  
w ith  fa u lty  rad io  te lem etry lin k s . This e n ta ile d  d a ily  re pa irs  to  some p a rt 
o f the array, and preduded my record ing  of shot in s ta n ts  o f quarry sources 
of in te re s t to  the p ro jec t. Thus th is  loan accunulated a la rg e  amount o f good 
q u a lity ,  apparent v d o c ity  data, but w ith  very few timed events.
For the second loan, in  1983, th ree Geostore recorders and 15 seismometers 
were in s t a l le d  in  a s im i la r  manner to  the 1982 lo a n . A t the su gges tio n  o f 
s ta f f  a t the Global Seismdogy U n it in  Edinburgh, the alignment bias between 
the  two re c o rd in g  heads on each Geo s to re  was checked f o r  any m isa lign m e n t 
p r io r  to  f i d d  deployment. For th is , a l l  14 input channels were connected in  
p a r a l ld  and a series o f pulses from a s ignal generator recorded onto tape. 
In  one o f the  G eostores, the  m isa lig n m e n t was found to  be e q u iv a le n t to  a 
tim e  d if fe re n c e  o f g re a te r than 100 ms; the o th e rs  gave s l ig h t ly  lo w e r
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values. Subsequent checks on the unca lib ra ted  data from the 1982 loan has not 
revealed any obvious la rge  system atic d iffe rences.
The on ly  d if fe re n c e  in  f i e l d  te ch n iqu es  fo r  the  1983 loan  was th e  use o f 
sm a ll t r ia n g u la r  T u fn o l bases in  p lace o f cement f o r  the W illm o re  
seism on eters, and which were leve led  by ad jus ting  screws a t  each corner of 
the base. The base was s ite d  on rock and bonded using an in d u s tr ia l wax which 
was melted over the base and surrounding rock to  form a s o lid  jo in . This was 
found to  be a much q u ic k e r and le s s  w eather dependent method o f s i te  
p re p a ra tio n  than  cement, and has been used subsequen tly  fo r  a l l  r o c k - s i te  
recordings. Again problems were experienced w ith  the rad io  te lem etry l in k s , 
but in  a a d it io n  th e re  w ere many problem s w ith  f a u l t y  seism om eters, and 
seismcmeter -  amp-mod cables. The seismometer fa u lts  were only traced when 
NERC Seismic Pool s ta f f  came out, near the end o f the loan period, w ith  more 
s o p h is t ic a te d  and e f fe c t iv e  te s t  equipm ent than was a v a ila b le  to  me 
i n i t i a l l y .  Thus up u n t i l  the la s t  10 days o f recording, I  d id  no t get b e tte r 
than 50% re tu rn  on tim ed events (and never the same s e t o f channe ls ); 
fre q u en tly  less. The 1983 Geostore Loan proved to  be a very poor investment 
o f my time and e f fo r t ,  and requ ired  fu r th e r  fie ld w o rk  during the fo llo w in g  
year in  an attem pt to  f i l l  in  some of the gaps in  my dataset.
The Geo store playback system has been designed to provide analogue playback 
or d ig i t i s a t io n ,  or both s tm u lta n e o u s ly . The S to re  14 rep lay  deck i s  
connected to  a bank o f Kemo analogue f i l t e r s  (one fo r  each seism ic channel) 
v ia  a patch-panel. The f i l t e r e d  output i s  then sent back to  the patch-panel, 
where i t  i s  then d ire c te d  to  e ith e r  the je t> p e n  re c o rd e r or the d ig i t i s e r .  
The normal fa s t paper output speed used fo r  analogue playbacks was 50 mm s " \
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2.2.2 The Glasgow FM cassette systan
The Glasgow FM Mk 1 cassette  recorders were designed and b u i l t  in  1981 as a 
cheaper, p o rta b le  and more re a d i ly  a v a ila b le  a l te r n a t iv e  to  the Geo s to re  
re c o rd in g  system. I t  was designed s p e c i f ic a l ly  fo r  use in  s h o r t to  medium 
range seism ic re fra c tio n  recording, and i t s  immediate a p p lic a tio n  was to be 
in  re s o lv in g  basem ent/cover r e la t io n s  in  th e  M idland V a lle y  and Southern 
Uplands p a r t ic u la r ly  in  the l ig h t  of the LISPB in te rp re ta tio n .
I n i t i a l l y  s ix  recorder sets were constructed, a llow in g  the deployment o f up 
to  e i th e r  18 v e r t i c a l l y  o r ie n te d  geophones o r 6 three-com  ponant geophone 
s ite s .  The system i s  based on a standard  com m ercia l audio ca sse tte  deck 
mechanism, b u t w ith  a 4 - tra c k  re c o rd in g  tape head re p la c in g  the norm al 2 - 
tra ck  (stereo) record/playback head. This a llow s 60 minutes o f recording tim e 
using a C120 cassette. Comparison of the frequency responses of th is  system 
(both the Mk 1 and the la te r  Mk 2 versions) and the Geostore system are shown 
in  f ig u re  2.1. The system was p r im a r ily  designed fo r  use w ith  Mark Products 
L15B 4 .5Hz or Mandrel EV22B 7 .5 Hz geophones, but a ls o  a v a ila b le  w ere 
Teledyne-Geotech S500 1 Hz p ie z o e le c tr ic  seismometers. The frequency responses 
o f a i l  geophone and seismometer types used throughout th is  study and e a r l ie r
referenced work (eg E l- Is a  1978) are shown in  f ig u re  22 .
The output from a geophone is  a m p lifie d  and frequency-modulated on to  a 3 
KHz c a r r ie r  before being recorded onto one of the three ava ilab le  channels in  
th e  re c o rd e r. In  a d d it io n  to  the  th re e  se ism ic  channels, a tim e  s ig n a l is  
recorded onto channel 4 thus p rov id ing  a time c a lib ra t io n  fo r  the tape. Ihe 
source used has been the MSF s igna l from Rugby. During record ing  th is  is  a lso 
m odula ted onto the  3 KHz c a r r ie r  and th e re a f te r  can be handled s im i la r ly .
This value of 3 KHz fo r the c a rr ie r  frequency was found to  be best su ited  to
the frequency-responce c h a ra c te r is tic s  of the cassette deck and is  a lso w e ll 
placed w ith in  the optimum freqm cy bandwidth of the hunan ear, thus a llo w in g  
easy au d io  m o n ito r in g  o f the tapes s ig n a l both in  the f i e l d  and in  the
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F ig u re  2 .1  Comparison o f  th e  frequency responses o f the G-eostore
system using  th e  1 ^ 16 0  & 15 /320  i r / s  re c o rd in g  speeds^ 
and the î.îk 1 & luk 2 Glasgow c a sse tte  re c o rd e rs .
45
mo
O H)
£
9 S
I
W)
eBeyoA VKjjno @Ai)e|9y
F ig u re  2 ,2  Comparison o f  the frequency responses o f the  fo u r
types o f seismometer and geo phone used in  th is  study.
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lab o ra to ry .
Tho o r ig in a l  squipm ent was m anually  opera ted o n ly , but by 1 983 3 rem ote 
s ta r t  f a c i l i t y  had been developed w hich a llow ed  independent o p e ra tio n  o f 
re co rd e rs . F ie ld  experience  had shown th is  fe a tu re  to  be o f extrem e 
im portance  as te c h n ic a l a ss is ta n ce  was only a v a ila b le  under e x c e p tio n a l 
circumstances. However, the remote s ta r t  f a c i l i t y  only became more than 90% 
re lia b le  by mid-1984 w ith  the a r r iv a l of the Mark 2 recorders.
The analogue p layback f a c i l i t y  fo r  these cassettes recorders comprises a 
s im i la r  c a s s e tte  deck mechanism to  the f i e ld  re co rd e rs , b u t w ith  the tape 
head w ire d  f o r  p layback o n ly . The s ig n a l on each se ism ic  channel is  passed 
th rough  a separa te  dem odulator and then through a Kemo analogue bandpass 
f i l t e r .  Each channel is  then a m p lifie d  before being output on a Bryans 40000 
UV o sc illo g ra p h . The time channel is  demodulated in  a s im ila r  manner before 
be ing  o u tp u t d ir e c t  to  the  o s c il lo g ra p h  v ia  an a m p li f ie r .  I f  re q u ire d , the  
MSF s ig n a l can be cleaned by be ing passed through a S c h m itt t r ig g e r  f i l t e r  
im m ediately a fte r  demodulation. As the Bryans o sc illog raph  can handle up to  
s ix  channe ls , the normal p ra c t ic e  has been to  have the tim e s ig n a l fe d  to  
channels 1 and 5, thus s tra d d lin g  th e  th re e  se ism ic  channels. The dynamic 
range o f the com plete system is  38 db (a t  maximum ga in ; 46 db f o r  Mark 2 
recorders) and r is in g  to  60 db on the low er gain se ttings.
A llow ing  fo r  tee th in g  problems during the i n i t i a l  stages of use, these sets 
have performed con s is ten tly  w e ll, o ften  w ith  the only l im i t in g  fa c to r  being 
the un p red ic ta b ly  va ria b le  q u a lity  o f the MSF rad io  reception. However, even 
given reasonable ra d io  reception conditions, the q u a lity  o f the MSF s igna l is  
superio r to  the Cambridge Instrum ents Ltd. rece ivers used w ith  the Geo store 
re c o rd e rs . One area in  p a r t ic u la r  in  w hich  these se ts  have exceeded th e  
o r ig in a l s p e c if ic a tio n  has been in  th e ir  a b i l i t y  to  record useful im form ation  
a t  ranges o f up to  100 km, even w ith  the L15B geozones.
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2.3 D ig it is a t io n  procedure
Most o f the data presented here was d ig it is e d  a t the Global Seismology U nit 
o f the  B r i t i s h  G e o lo g ica l Survey a t M urchison House, Edinburgh. The 
d ig i t is a t io n  procedure is  summarised by fig u re  2.3. I t  invo lves using a DEC 
PDF 11/50, connected v ia  a pa tch -pane l to  the Kano analogue f i l t e r s  and 
f in a l ly  to  the playback tape deck. Both the Geo sto re  tapes and the Glasgow FM 
cassettes were d ig it is e d  using th is  system, a lth o u ^  the cassettes required 
th e  t r a n s p o r ta t io n  to  Edinburgh o f the dedicated playback and demodulation 
sections o f the Analogue Playback System in s ta lle d  a t Glasgow. The Geo store 
tapes w ere  p layed  back u s in g  th e  standard S to re  14 tape deck. The Kemo 
analogue bandpass f i l t e r s  are used as p re d ig it is in g , a n t i-a l ia s in g  f i l t e r s  on 
each inpu t channel, and fo r  a l l  f i le s  were set a t  0.001 -  45 Hz.
Ihe G lobal Seismology U n it have developed a package o f programs ava ilab le  
to ex te rna l users which re la te  to  the creation  and handling o f d ig i ta l  data 
f i le s .  For Geostore tapes, the d ig i t is in g  could be ca rried  out au tom atica lly  
by program s DIGTRN or DIG2 (bo th  o f w hich read and decode th e  in te rn a l 
c lock), or manually by MTDIG. The cassettes, having no in te rn a l clock system 
could on ly be d ig it is e d  using program MTDIG. Thereafter, a l l  data f i l e s  wa^e 
handled the same way.
A l l  f i l e s  w ere  d ig i t is e d  a t  100 Hz. The ca sse tte s  and some tapes had th e  
d ig i t is e r  gain se t a t  2.5 V cm"1, w h ile  the remaining tapes were d ig it is e d  a t 
10 V cm-1
The con ve rs io n  from  b in a ry  to  ch a ra c te r fo rm a t i s  ach ieved by programs 
DIGCFM or D2, both o f  w h ich  a lso  d e m u ltip le x  the data. A t any tim e  in  th is  
process, the contents o f a d ig i ta l  data tape could be checked n im e ric a lly  by 
program MTANAL cr sent to  the je t-p e n  reccrder by program MTREAD.
From there, the dem ultip lexed character f i l e s  were de livered  to  the Data 
Transfer Service o f the Computing Centre a t Glasgow Univ@~sity. There t h ^  
were t r a n s fe r  ed from  IBM to  I  CL c h a ra c te r fo rm a t and cop ied  on to  I  CL 2900
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F ig u re  2.3 Flow  diagram  summarising th e  stages in v o lv e d  in  producing  
f i n a l  d ig i t a l  t r a v e l - t im e  sec tio n s  from  e ith e r  Geostore or 
Glasgow Flvl c a s s e tte  f i e l d  re c o rd in g s .
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çystern tapes using a Canputer In d u s tr ie s  Ltd. System 90 minicomputer. Ih is  
la s t  stage in  th e  process tended to  be the  lo n g e s t as th e  tim e  re q u ire d  to  
tra n s fe r a standard 2400 f t  magnetic tape w ith  approxim ately 30 Mb o f data 
was in  th e  o rde r o f 14 hours. I f  t h is  crashed fo r  any reason d u rin g  a jo b , 
w h ich  was a fre q u e n t occurrence, the whole jo b  had to  be reschedu led  and 
rerun. As long  jobs such as th is  took a low p r io r i ty ,  th is  fu r th e r  increased 
the t im e  re q u ire d  b e fo re  the d ig i t a l  data could be accessed from  the 
mainframe system.
Once th e  c o n te n ts  o f  a data tape were success fu ly  transfe rred  onto  an ICL 
2900 system tape, the data f i le s  could be copied across to d isc and prepared 
fo r use w ith  various handling and processing programs developed w ith in  the 
Department.
S ince th e  Glasgow FM ca sse tte  system uses a 1:1 r a t io  o f reco rd  and 
playback tape speeds, the d ig ita l  f i l e s  obtained from these could be short, 
ty p ic a lly  1 0 - 2 0  seconds in  length , and the re fo re  not in  need o f any fu rth e r 
e d itin g . However the Geostore tapes have a re cord/playback speed o f 1:10 or 
1:20, and p a r t ic u la r ly  when coupled w ith  the automatic d ig i t is in g  programs, 
these re s u lte d  in  very long f i le s ,  norm ally 4 minutes (2 Mb) but occasiona lly  
6 or 8 m in u tes  in  le n g th . These f i l e s  had to  be p lo t te d  ou t in  f u l l  b e fo re  
e d it in g  which again added tim e to the whole process. Program DIGPLT ( l is t in g  
Appendix 6) was w r i t t e n  to  hand le  the  data, re g a rd l ess o f  the  in p u t fo rm a t 
and d ig i t is in g  vo ltages used. The next stage is  to  re la te  the f i r s t  sample on 
the f i l e  to  the tim e of the f i r s t  a r r iv a l as picked from the analogue paper 
playbacks. Seismometer p d a r i ty  was standardised a t  th is  stage
By th is  stage, the f i l e s  were ready fo r p lo t t in g  as a d ig i ta l  tlm e-distance 
seismogram. The program used here is  DRAW4 ( l i s t i n g  Appendix 6), a 
considerably m od ified  vers ion  o f DRAW (A l i  1983) 9rid which was used fo r  a l l  
stages o f d ig i ta l  data hand ling  as described in  Chapter 3»
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Chapter 3 Data a cq u is itio n , presentation and processing
3,1 Data c o lle c tio n
Data a c q u is i t io n  s ta r te d  in  October 1981 u s in g  s ix  ca sse tte -based  
seismographs b u i l t  in  the Departm ent w ith  re c o rd in g s  from  the re c e n t ly  
reopened Dun d u f f  q u a rry  near Lesmahagow, in  southern  L a n a rk s h ire  These 
record ings provided an in tro d u c tio n  to the area and the equipment, and gave a 
p re lim in a ry  ve lo c ity -d e p th  fun c tio n  fo r  the top k ilo m e tre  of Lower Old Red 
Sandstone sediments. From the lo c a l gedogy, i t  was expected th a t these rocks 
cou ld  be le s s  than  2 km th ic k  and o v e r l ie  a Lower Pa laeozo ic sed im entary 
sequence s im i la r  to  th a t seen in  the Lesmahagow I n l ie r .  A cco rd ing  to  the 
LISPB in te r p r e ta t io n  (Bamford 1979), Lower P a laeozo ic sed im ents should 
produce r e f r a c te d  a r r iv a ls  w ith  a v e lo c ity  o f around 5.8 km s"1, so the 
presence o f a re fra c to r  w ith  Vp approxim atdy equal to  5.8 km s "”* a t around 2 
km depth or le ss , would confirm  the a p p lic a b il ity  of the LISPB modd to  th is  
region. Tnree b la s ts , a t around 1200-1500 kg to ta l and 120-150 kg per delay, 
were recorded before can p la in ts  from the v illa g e  caused the cu rta ilm e n t o f 
b las ting . As a r e s d t ,  th is  p o te n tia lly  valuable source could no t be used fo r  
lo n g e r range re c o rd in g s  u n t i l  16 months la t e r ,  when the charge s ize  had 
gradua lly , and u n o f f ic ia l ly ,  increased to  around i t s  e a r l ie r  values.
For th re e  weeks d u r in g  la t e  August and September 1982, a f i f t e e n  s ta t io n  
Geostore array was operated over pa rt o f the S ilu r ia n  Lesmahagow In l ie r  (see 
f ig u r e  3 .1 ). The Lesmahagow A rray  (LES), form ed an a sym m etrica l cross w ith  
one arm o f a p p ro x im a te ly  10 km a long s t r ik e ,  and th e  o th e r 10 km arm 
perpendicular to  s tr ik e . Two arm-end shots (Cornstones and Middle C roft) were 
recorded to  g ive  in fo rm a tio n  on the surface ve lo c i ty-depth s truc tu re , and two 
q ua rry  b la s ts  (H illh o u s e  and C a irn g ry ffe  ( tw ic e ) )  and a la rg e r  shot a t  
G re iv d n ill near Cumnock, were timed in to  the array to  in ve s tig a te  the deeper 
s tru c tu re  (see f ig u re  3.1 fo r  loca tio n s ). Apparent v e lo c it ie s  of over 6 km.s
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 ^ (see Appendix 4.4,5,6) were obtained across the array from both H illhouse 
and C a irn g ry f fe  q u a r r ie s  a t  ranges o f g re a te r than 17 km, and so i t  was 
decided th a t  the data from these two quarries should be expanded in to  a 60 km 
E -  W p r o f i le ,  w h ich  w ou ld  a llow  the data recorded over the i n l i e r  to  be 
extended la te r a l ly  in to  the surrounding regions.
H illh o u s e  q u a rry  was p a r t ic u la r ly  u se fu l th roughou t the p e rio d  o f data 
a c q u is i t io n  as, a t  th a t  tim e , i t  was re g u la r ly  b la s t in g  charges o f 7 -10 
tonnes to ta l,  w ith  250-350 kg per delay, thus increasing the range o f weather 
cond itions in  which record ing was s t i l l  feasib le , Throughout the w in te r of 
1982-83, th e  Glasgow FM seismographs were used to  b u ild  up the p r o f i le ,  
p a r t ic u la r ly  a t the western end.
For ten weeks from May to  July 1983, 15 W illm ore Mk3 seismometers and th ree  
Geo s to re s  w ere  employed m a in ly  in  the c e n tra l and eas te rn  ends o f the 
p ro f ile ,  to  a llow  i t s  expansion eastwards towards the SUF. Shots were timed 
from H illhouse , Dun du ff and d o  burn Quarries (the la t te r  being adjacent to 
C a irn g ry f fe  Q uarry) T h is  a lso  a llo w e d  the  l in k in g  up o f  the p re v io u s ly  
occupied B rough ton  A rray  (BTN) ( E l - I s a  1977) and c o in c id e d  w i t h  my 
re d is c o v e ry  o f these data tapes in  Murchison House, Edinburgh a f te r  seven 
years o f misplacement.
The data se t compiled from these various sources thus consists o f an 80 km 
long E -  W p r o f i le  which is  sub -pa ra lle l to  the predominant Caledonian trend 
of surface s tru c tu re s  in  the southern Midland Va lley, and two m id -p ro file  10 
km a p e rtu re  c ro s s -a r ra y s  w h ich  were in tended  to  extend the p r o f i le  model 
la t e r a l l y .  The lo c a t io n s  o f  a l l  q u a rr ie s  and re c o rd in g  s i te s  a re  shown in  
f ig u r e  3.1. A g e o lo g ic a l ske tch  sec tio n  ( f ig u re  3.2) shows a l l  the expected 
major l i t h o lo g ic a l  and s tra tig ra p h ie  u n its  from the Ayrsh ire  coast eastwards 
across the Midland V a lley  to the Southern Uplands fa u lt  (SUF), and across the 
n o rth e rn  b e l t  o f th e  Southern Uplands. A l l  the source lo c a t io n s  and sho t 
o r ig in  t im e s  a re  l i s t e d  as p a rt o f Appendix 1. The re c e iv e r  lo c a t io n s  and
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F ig u re  3 .2  S ketch  g e o lo g ic a l s e c tio n  under p r o f i l e  ABCD from
f ig u r e  3 .1  ^-nd based on the BGS o n e -in c h  g e o lo g ic a l  
ma.ps o f  th is  a re a . C o lo u r code is  as f o r  f ig u r e  3 .1 .
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a r r iv a l tim es are l is te d  in  Appendix 2.
3-2 Data p resen ta tion
3 .2.1 Data from the H ill house -  Broughton p ro file
Record s e c tio n s  were prepared fo r  the H illh o u s e  -  B roughton p r o f i le  and 
some o f the  data o b ta in ed  from  the  LES and BTN a rra y s  us in g  d ig i t a l  data. 
F u ll 8 or 10-second record sections fo r  each of the three quarries  com prising 
the  H illhouse  -  Broughton p ro f i le  are shown in  fig u re s  3.3, 3.4 and 3.5. A ll 
these record sections are u n f ilte re d  and have been normalised w ith  respect to  
the  la r g e s t  a m p litu d e  on each tra ce . The s ig n a l- n o ise r a t io  fo r  f i r s t  
a r r iv a ls  i s  e x c e lle n t  on a l l  th re e  l in e s ,  even o u t to  80 km (eg f ig u r e  3.3). 
However, secondary a r r iv a ls  a re  ve ry  much poorer : -  th e re  a re  no d is t in c t  
secondary P-wave a r r iv a ls  on any o f the record sections and S-waves are only 
p a tc h ily  recognised (fig u re s  3.6,7,8) By fa r  the best set o f S-waves are seen 
on the D undu ff l in e  ( f ig u r e  3.7), p a r t ic u la r ly  to  the E o f the  q u a rry . Here 
also, longer wavelength surface waves are w e ll recorded.
The traces on the 10-second record section from H illhouse  quarry ( f ig u re  
3.3) g e n e ra lly  g iv e  a tru e  re p re s e n ta tio n  o f the  v e r t ic a l  component o f  the  
ground m otion a t each record ing  s ite . Three traces, however, do no t represent 
accura te ly  the lo c a l ground motion due to  ins trum en ta l problems. The trace  
a t  5 km from the source gives a response which i s  ty p ic a l o f s igna l overload 
on th e  Glasgow b u i l t  FM amp-mods. The o ve rload  p e r io d  i s  o f  the  o rde r o f 4 
seconds and covers the s e c tio n  o f the  tra c e  im m e d ia te ly  a f te r  the  f i r s t  
b reak, th rough  to  a p o in t a t  w h ich  the  su rface  wave energy has d is s ip a te d  
s u f f ic ie n t ly  fo r  the in te rn a l c ir c u it r y  to  recover.
The tra c e s  a t  8 km and 25 km from the  source w ere  reco rded  c o r re c t ly  but 
have been a ffec ted  by D.C. s h i f t  in  the d ig i t is in g  process re s u lt in g  in  only 
the p o rtio n  o f the trace w ith in  the d ig i t is e r  gain range being sampled, and 
the remainder being lo s t .  The f i r s t  break on these traces w i l l  no t represent
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the f i r s t  a r r iv a l,  but instead w i l l  come from a segment on the f i r s t  cycle.
Two o th e r tra c e s , a t  41 km and 69 km g ive  responses w h ich  may be 
c o rru p t io n s  o f  the  lo c a l ground m otion. Both traces  co n ta in  p redom inan tly  
h igh  fre q u e n c ie s  w hich  could be caused by e ith e r  poor seism om eter-ground 
co u p ling , in te r n a l  seismometer problems or in c o r re c t damping due to  an 
in c o m p a tib il ity  between the W illmore seismometer and i t s  supposedly tuned 
tuned amp-mod. A l te rn a t iv e ly ,  a geo lo g ica l exp lana tion  fo r  th is  screen ing  
could be found in  the f i l t e r in g  e ffe c t of a near surface, h igh v e lo c ity  laye r 
such as a s i l l .  Unless such a body crops out near the s ite  or can be in fe rre d  
from the lo c a l geolog ica l structure, the only method of deducing a geological 
explanation fo r  the high frequency response is  to have d if fe re n t equipment 
record the same e ffe c t a t  the same s ite .
During the  course of the recording season, an in te rna l fa u l t  was diagnosed 
in  the seismometer a t  41 km. I t s  replacement recorded the traces a t -4  km and 
-19 km from Dunduff and Cloburn quarries repective ly, ne ither of which show 
the same predom inance o f h ig h  frequencies, and so c o n firm in g  th a t the 
seismcxneter i t s e l f  was the source of the anomalous high frequencies.
The s i t e  a t  69 km was no t used fo r  any o ther re co rd in gs  so no d ir e c t  
com parisons can be made. However, notes on the f i e ld  sheets fo r  th a t 
re c o rd in g  suggest th a t the problem may have o r ig in a te d  w ith  poor ground
coupling o f the geophone base.
The record  section  compiled from Dunduff quarry ( f ig u re  3*4) shows a l l  of 
the fea tu res  described above. Most of the traces are accurate representations 
o f the  v e r t i c a l  ground m otion, although close to  the source in  p a r t ic u la r ,  
the th ree  W illm ore  seismometers ( a t -4  km, +4 km, and +7 km) a l l  show P-wave 
and s u rfa c e  wave o ve rload ing . The trace  a t +23 km shows a D.C. d ig i t i s in g  
problem s im ila r  to  tha t described fo r two of the traces from the H illhouse 
record section . Three traces, a t -22 km, +21 km and +24 km a l l  show anomalous
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h igh  fre q u en cy  con ten t. Of these th ree  s ite s , only the one a t  -22  km was 
successfu lly  re-recorded w ith  d if fe re n t equipment, g iv ing  an accepta tle  trace 
a t 23 km from  H illhouse quarry.
The two other s ite s  (a t +21 km and +24 km) d id  not record H illhouse quarry 
and so i t  is  not possib le to re la te  th e ir  high frequency response d ire c t ly  to  
any source. However, g iven the  problems experienced w ith  W illm o re  Mk3 
seismometŒs described above and in  section 2.2.1, i t  is  reasonable to  assume 
th a t the problems were w ith  the equipment ra ther than invoking a geological 
so lu tio n  fo r  which there is  no rea l evidence.
The C a irn g ry ffe -C lo b u rn  q u a rr ie s  reco rd  se c tio n  ( f ig u re  3 .5 ), is  unique 
amongst the  th re e  re co rd  sections com pris ing the H illh o u s e  -  B roughton 
p ro f i le ,  in  th a t  a l l  the data presented was recorded from only three separate 
quarry b la s ts . As a re s u lt, the only duplication of recordings is  across the 
LES array.
dose  to  the source, there are the usual over-modulation e ffe c ts  (eg from -  
5 km to  -3  km), w ith  an in te re s t in g  comparison o f the e f fe c ts  o f ove r- 
modulation between the Geostore system (-3 km and -4 km) and the Glasgow FM 
c a sse tte  system ( -5  km). The th ree  traces between +5 km and +8 km, and the 
trace a t  -38  km were recorded on the same day as the traces a t +21 km, -23 km 
and +24 km from  D unduff quarry  and so show s im ila r  tra ce  c h a ra c te r is t ic s .  
W h ile  more than adequate fo r  in te rp re ta t io n ,  the  general q u a l i ty  o f 
in d iv id u a l  tra c e s  on these record  sec tions  is  n o t as good as th a t o f the  
o r ig in a l  analogue reco rds. Th is i s  due to  the low sam pling ra te  o f 100 Hz 
used throughout and o r ig in a lly  d ictated by lim ita t io n s  on the m a x im a m o u n t 
o f computer storage space ava ilab le  to  th is  user, deaner records would have 
been produced using sampling ra tes o f 200 or 250 Hz.
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3.2.2 Data from the LES and BTM arrays
A rriva ls  recorded a t the LES and BIN arrays form the renainder of the data
presented in  t h is  study. Source lo c a t io n s  are shown in  f ig u r e  3.9A. These
a r r iv a ls  are  shown in  Appendix 4 as a series o f p lo ts  o f timed and detected
events a t  e i th e r  a rra y , and f i t t e d  by le a s t squares w ith  best f i t  s t ra ig h t  
l in e s  to  g iv e  th e  in d ic a te d  apparent v e lo c it ie s .  O rig in s  and o r ig in  tim es , 
where recorded, are presented as part of Appendix 1, and trave l times, where 
tim ed, as p a r t  o f Appendix 2. The standard e rro rs  quoted in  the  p lo ts  in  
Appendix 4 are a measure of the q u a lity  of a b e s t- f i t  source azimuth, and do 
not g ive  bounds to  the apparent ve lo c ity  values which were dependent also on 
the da ta  q u a l i t y  i t s e l f .  These data are summarised in  f ig u re s  3.96,10,11, 
along w ith  the standard e rro rs  on each apparent ve lo c ity . Most o f th is  data 
i s  o f good q u a l i t y  and l im i te d  in  u se fu lln e ss  only by the pa uc ity  o f tim ed 
o r ig in s .  Examples o f  some o f the data are shown in  f ig u re s  3.12 -  3.23 as 
normalised but u n f i lte re d  records. The use of th is  dataset w i l l  be discussed 
in  s e c t io n  4.2.3.
3.2.3 Spectral analysis
3.2.3.1 Introduction
A n a ly s is  o f  peak fre q u e n c ie s  fo r  prim ary a r r iv a ls  on each o f the th re e  
record sections ccxnprising the H illhouse -  Broughton p ro f i le  was ca rried  out 
fo r  tw o m ain  reasons. F i r s t ly ,  the spe c tra l con ten t o f sha llow  re fra c te d  
f i r s t  a r r iv a ls  was usefu l during the raytrace modelling in  provid ing minim un 
bounds f o r  th e  th ickn e sse s  o f several th in  la y e rs  recognised across the  
p r o f i le  (see s e c tio n  4.2.2.3), and showing how the apparent tru e  r e f r a c to r  
v e lo c ity  m ight re la te  to  the actual re frac to r ve loc ity . Secondly, in fo rm ation  
on the dom inan t fre q u e n c ie s  o f P and S-waves a llow ed the 'c le a n in g  up' o f 
re co rd  s e c t io n s  by f i l t e r i n g ,  in  p a r t ic u la r ,  enhancing any S-wave energy 
present in  these sections by hopefully removing a ll  frequencies ou tw ith  the
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N Event lo c a t io n
1 H illhouse  quarry
2 C ra ig ie  quarry
3 C a irn g ry ffe  -  Cloburn quarries
4 Mid C ro ft shot
5 Cornstones shot
6 O re iv e h il l  shot
7 W aterside Opencast
8 K irkconne l Opencast
9 Behbain Opencast
10 C a i r iy h i l l  quarry
11 Tams Loup quarry
12 D u n tilla n d  quarry
13 Haywood Opencast
14 Leven's Seat Opencast
15 C raigpark quarry
16 Kaimes quarry
17 Cruicks quarry
18 Dumbuck. quarry
19 Croy quarry
20 M iddleton quarry
21 Craighouse q ija rry
22 Coatsgate quarry
23 Morvern quarry
24 Westgate quarry
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dominant S-wave frequency spectrum.
The an a lys is  o f dominant frequencies fo r  c lea r P-wave f i r s t  a r r iv a ls  and S- 
waves was ca rr ie d  out by the physical measurement of prominent adjacent peaks 
(o r tro u g h s ) c lo se  to  the onset, as the  eye a u to m a tic a lly  d is c r im in a te s  
between these dominant, source-produced frequencies and other spurious, o ften  
d ig itise r-p ro d u ce d , frequencies. On each section, traces which were known, or 
suspected to  be, d is to r te d  by in s tru m e n ta tio n  or d ig i t i s in g  problem s were 
excluded from analy s i s.
3*2.3*2 Spectral a n a ly s is  of the Hillhouse -  Broughton p ro f ile  record 
sections
P lo ts  o f the dominant P-wave frequencies fc r  a l l  three record sections are 
shown in  f ig u r e  3.24. The most obvious fe a tu re  (a p a rt from  ra p id  h ig h - 
frequency a tte n u a tio n  away from each source), is  th e  c le a r  d if fe re n c e  in  
fre q u e n c ie s  o b ta in e d  from  each quarry . D esp ite  the d isco n tin u o u s  and 
p ro trac ted  na ture  of the data acqu is ition , th is  e ffe c t has been consistent 
over mary b las ts , and there fore  must be re la ted  to  e ith e r lo c a l subsurface 
geolog ica l e ffe c ts  or to  consistent, although in d iv id u a l, b la s tin g  p rac tices  
by the b la s tin g  engineer a t each quarry. On d o se r inspection  of these peak 
fre q u e n c ie s , th e re  i s  another frequency v a r ia b le , a p pa ren tly  qua rry  
independent. From Dm du ff and Cairn gry f f  e-Cl o burn q u a rr ie s  a l l  fre q u e n c ie s  
between about 50 km and 80 km from the western end o f the p ro f i le  are h i^ e r  
than those measured a t equivalent ranges to  W. The frequencies measured from 
H illhouse quarry between these ranges are also s lig h t ly  higher than expected, 
compared w ith  the  frequency tren d  fo r  the r e s t  o f th is  l in e ,  a lthough  he re
the d i f f agence is  small.
On the  basis o f la te r  ray modelling o f these data see (4.2.2.2), the o r ig in
of th is  frequency v a r ia t io n  must be in  the surface, sedimentary la ye r to  the 
E o f C loburn  q u a rry . From the surface geology, the  most obvious m ajor
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l i th o lo g ic a l  change in  th is  area is  the occurence of predominantly an de s i t i c  
lavas in  place of sandstone in  the Lower Old Red Sandstone. Not fa r  to  the NE 
of the p r o f i le ,  in  the Pentland H i l l s ,  these la va s  have th e i r  maximum 
recorded th ickness o f 2 km (Mykura I960) and so i t  is  reasonable to  assume a 
thickness under th is  pa rt o f the p ro f i le  of a t  le a s t 1.5 km. The presence of 
such a th ic k n e s s  ot la ye re d  c r y s ta l l in e  rocks cou ld  p ro v id e  a s u ita b le  
exp lanation fo r  th is  low-frequency screening due to  h igh frequency resonance 
being produced by wave propagation through the re la t iv e ly  th in  lava  flow s.
A sm all number o f good q u a lity  S-waves were analysed and p lo ts  o f the peak 
frequencies are  also shown in  f ig u re  324. The dominant frequency throughout 
i s  5 Hz.
32 .4  Description of the available f i l te rs
A t a la te  stage in  th is  p ro jec t, a l l  data were ava ilab le  in  d ig i ta l  form 
and f i l t e r i n g  was considered as a possible means o f enhancing the amount o f 
c lea r S-wave energy in  the three record sections of the H illhouse -  Broughton 
p r o f i le .  In  p a r t ic u la r ,  S-wave energy is  on ly  weakly re co g n isa b le  in  th e  
H illh o u s e  q u a rry  re co rd  se c tio n  ( f ig u re s  3»3>6) and n o t a t  a l l  in  the  f i r s t  
25 -  30 km. T h is  i s  to  be expected co n s id e rin g  th e  complex n a tu re  o f the  P- 
wave f i r s t  a r r iv a l  phases and the e x is te nce  o f a 0.5 sec source w a v e le t. 
However, i f  d is t in c t  d iffe rences e x is t in  the frequency content o f the P and 
S-waves, then f i l t e r in g  should provide a method of se lec tive  d isc rim in a tio n .
Severa l bandpass f i l t e r i n g  o p tio n s  a re  a v a ila b le  in  a program package 
(DRAW4, l i s t i n g  Appendix 6) com piled by M. A l i  (see A l l  1983; a lso  W arren 
1981; and Robinson 1966; 1983) and m o d if ie d  by the  w r i t e r .  These com prise 
ones ided  Robinson f i l t o ^ s ,  twc^ sided Robinson f i l t e r s ,  a tw o  sided Hanning 
f i l t e r  and f i l t e r s  based on e ith e r h a lf  of a one-sided Robinson
f i l t e r .
As a summary, a frequency f i l t e r  is  a device which d isc rim ina te s  against
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p re d e fin e d  unwanted fre q u en c ie s . A d ig i t a l  f i l t e r  i s  a tim e  s e r ie s  o f 
p re d e fin e d  le n g th , which when convolved w ith  the se ism ic  tra c e , or tim e  
s e rie s , w i l l  s e q u e n tia lly  concen tra te  a t each p o in t on the tra c e , an 
amplitude which is  dependent on the frequencies determined around th a t po int. 
For the purposes o f the d iscuss ion  below, t=0 re fe rs  to  the p o in t on the 
trace which, a t any tim e in  the convolution process, is  defined as being the 
o r ig in .  N e g a tive  t-v a lu e s  s ig n ify  the fu tu re  segment o f the tra c e , and 
p o s it iv e  t-va lu e s  the past segment.
One-sided (causal) f i l t e r s  have a l l  f i l t e r  c o e ffic ie n ts  fo r  values o f t<0 
set to  zero, so the f i l t e r  has only a monory component and can only operate 
on th e  p re sen t and pas t com ponants o f a tim e  se rie s . The r e s u lt in g  o u tp u t 
w i l l  have no time s h if t .
Tw o-sided f i l t e r s  have a n t ic ip a t io n  and memory components, cen tred  
sym m etrica lly  about t=0. This allows the operation of the f i l t e r  on the part 
o f the trace  in  f r o n t  o f t=0 ( ie  in  the fu tu re ), g iv ing  greater con tro l over 
the d e s ire d  frequency  response. Th is  re s u lts  in  a t im e - s h i f t  in  the o u tp u t 
tim e  s e r ie s  w h ich  i f  l in e a r  can be balanced by a complementary s h i f t  o f 
o r ig in  in  the time series.
Ihe one-sided Robinson bandpass f i l t e r  (Robinson 1966) is  a minimum-phase 
f i l t e r  whose frequency response is  designed to  approx im ate  to  a box-ca r 
f i l t e r .  I t  has been m odified  (Warren 1981) by the add ition  o f a cosine taper 
to  g ive  sm oother h ig h  and low  frequency c u to f f  s lopes and so reduce the  
o s c il la to ry  e ffe c t frcm the Fourier transform produced by sharp po in ts  on the
frequency response.
The response o f t h is  f i l t e r  (w ith  a passband o f 1 -15Hz.2nd le n g th  o f 99 
samples ( ie  0.99 s)) to  an impulse function  defined as :
X =  (1 ; 0; 0, 0, 0, . . . )  
is  shown in  f ig u re  325. The inpu t spike func tion  has been transformed in to  a
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minimum phase w avelet w ith  some o s c illa to ry  energy s t i l l  present a f te r  200- 
300 ms. Taking the Fourier transform of th is  f i l t e r  a llow s the ca lcu la tio n  o f 
i t s  a m p litu d e  spectrum ( f ig u re  3.26). Th is shows an asym m etric  frequency 
response a c ross  the p rede fined  passband range, and poor suppress ion  o f  
frequencies above 15 Hz.
The tw o-s ided Robinson bandpass f i l t e r ,  again m odified by a cosine taper 
(Warren 1981), has an a n tic ip a tio n  as w e ll as a monory canponent and so can 
o p e ra te  on th e  fu tu r e  component o f the in p u t tim e  s e r ie s  as w e l l  as th e  
present and past, A time delay is  introduced which is  l in e a r  w ith  respect to  
frequency and so can be removed.
The response o f th is  f i l t e r ,  w ith  id e n t ic a l param eters to  the  p rev ious  
example, to  the same impulse fu nc tio n  is  shown in  f ig u re  3.27. The re s u lt in g  
zero-phase w ava ie t i s  sym etrical about the po in t;
T = f i l t e r  leng th  /  2 = time s h if t  
and w ith  each h a lf  a m irro r image of the one-sided f i l t e r  described above.
The a m p litu d e  response is  n o tic a b ly  smoother than f ig u r e  3.28 and i s  
sym m e trica l about a c e n tra l frequency. A tte n u a tio n  i s  ze ro  w i t h in  th e  
passband, and very high ou tw ith  i t ,  g iv ing  superior performance to  the one­
s ided  f i l t e r .
The cos ine  ta p e r has been in co rp o ra te d  in to  these f i l t e r s  to  remove 
o s c il la t io n s  in  the impulse away from the centra l spike. For comparison, the 
inpulse response o f the o r ig in a l two-sided Robinson bandpass f i l t e r  i s  shown 
in  f ig u r e  3.29. O s c i l la t io n s  are p resen t fo r  over 500 ms on e ith e r  s ide  o f 
the c e n tra l sp ike . Comparing am pi itu d e  spectra  ( f ig u re s  3.28,30) shows th e  
00 s i ne smoothing o f the corners of the passband spectrum which re s u lts  in  a
damping o f most o f the minor o s c illa tio n s .
However, removing the cornons from the amplitude spectrum does re s u lt  in  a
broader cen tra l pulse (compare fig u re s  327>29).
An extension of th is  smoothing of box-car bandpass f i l t e r s  is  given by the
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F ig u re  3.26 A m plitude spectrum o f the f i l t e r  shown in  F ig u re  3.25 .
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F ig u re  3 .2?  Im pulse response f o r  a two-s id e d , ta p e re d  Robinson  
bandpass f i l t e r .
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Figure 3.28 Amplitude spectrum for the filter shown in Figure 3.27.
90
LU
U lZ
o
CL
U l
LU
CL
LU
CD
OO_JZD
CLZ
o
o
o
X
01
CJ
01
cr
LU(—
(Jc
cr<
X
(J
CDcr
LU
I—
_i
o o • ou o
LL
O O co oo00
en
LU
o
I
o
I
o
I
o
I
dd303'Nd0N
F ig u re  3 ,29  Im pulse respoiise fo r  a tw o -s id e d , untapered  
Robinson bandpass f i l t e r .
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Figure 3.30 Amplitude spectrum for the filter shown in Figure 3.29.
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F ig u re  3.31 Im pulse response fo r  a tw o -s ided  Hanning bandpass 
f i l t e r .
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Figure 3.32 Amplitude spectrum for the filter shown in Figure 3.31.
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Hanning o r b e l l  f i l t e r .  Here a cosine^ taper i s  a p p lie d  s y m m e tr ic a lly  to  
e ith e r  s ide  o f a c e n tra l,  a llp a s s  frequency. The re s u lt in g  f i l t e r  ( f ig u re  
3*31 ) has an am pi itu d e  spectrum w i t h  no sharp edges ( f ig u re  3,32) g iv  in g  an 
impulse response w ith  only two side-lobes. As expected, the cen tra l pulse is  
much broader than e ith e r o f the Robinson bandpass centra l pulses, due to  the 
more extreme smoothing in  th is  f i l t e r ,
3.2.5 F i l t e r  application to the Hillhouse -  Broughton profile
F i l te r e d  re co rd  s e c tio n s  from  each quarry  on the H illh o u s e  -  B roughton 
p r o f i le  w ere  prepared on the  b a s is  o f  the above d iscu ss io n  (3 .2 .4 ) , and th e  
in fo rm a tio n  gained from peak frequency spectra l ana lys is  o f the P and S-wave 
a r r iv a ls  in  f ig u re  3.24, As the m e rits  o f the two-sided Robinson and Hanning 
bandpass f i l t e r s  were taken to  be about equal, bo th  f i l t e r s  were used w ith  
id e n tic a l parameters so th a t a q u a lita t iv e , v isua l judgement could be made.
F ig u re s  3.33,34 ( re d u c t io n  v e lo c ity  o f  6,0 km s“ **) and 3.35,36 ( re d u c t io n  
v e lo c ity  o f 3.5 km s“ **) show the re s u lts  o f app lica tion  o f 1-10 Hz f i l t e r s  to  
the H illh o u s e  re co rd  se c tio n . Compared w ith  f ig u re s  3.2,5, th e re  i s  a 
in c re a se  in  re c o g n is a b le  S-wave energy between 1,5 and 2,0 seconds in  th e  
range 0-40 km. Comparison between both f i l te r e d  sections does no t reveal any 
s t r ik in g  s u p e r io r ity , although i t  i s  no ticab le  th a t the Robinson f i l t e r  has 
re ta ine d  s l ig h t ly  more background noise whereas the Hanning f i l t e r  shows a 
f a i r l y  r ig o ro u s  d is c r im in a t io n  o f a l l  frequences away from the  c e n tra l 
frequencies o f  5-6 Hz,
F ig u re s  3.37,38 (V ^ ^ j = 6.0 km s“ b  and 3.39,40 = 3.5 km s"**) show
the re s u lts  o f a p p lica tio n  o f both f i l t e r s  to  the record section from Dun d u ff 
Quarry. A w ide r bandwidth was used due to  the greater high frequency content 
of th is  section. As the u n filte re d  record section shows the best q u a lity  S- 
w aves 01 any o f the u n f i l t e r e d  s e c tio n s  (see f ig u re s  3 .3 ,6 ), l i t t l e  
im provem ent has been achr&ved except f o r  a s l ig h t  in c re a se  in  the S-wave
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F ig u re  3.33 F i l t e r e d  reco rd  s e c tio n : Hanijing BP filter.
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F ig u re  3.34 F i l t e r e d  record s e c tio n ; tw o -s id e d , tap ered  
Robinson BP f i l t e r .
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Figure 3.35 Filtered record section: Hanning BP filter.
>-
crcr<c
IDO
LU
CD
ID
CD
X
98
LU
CD
CJ
LU
CO
LU
CD
LU(_)
ID
CD
LU
(X
v v v -v iM n M
---------------
- — - —  — — ^ 'V'wvwv-W—
rW'\r~
 ----------\.^ >-'\/~'-^ .y^ -'\/’\/'a\^ rJ'\/\‘r,y''>-^ ^^ Lr—
o
o LU
<r CD
<(X
O (X fO
o
r\i o
o 
-  &
o S
rsj f\jI
5*2 /X - I  (S)3WII OBOnOBd
F ig u re  3 .36 F i l t e r e d  record  s e c tio n : tw o -s id e d , tap ered
Robinson BP f i l t e r .
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Figure 3.37 Filtered record section: Hanning BP filter.
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Figure 3.38 F i l t e r e d  record  s e c tio n : tw o -s id e d , tapered
Robinson BP filter.
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Figure 3.39 Filtered record section: Hanning BP filter.
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Figure 3.40 Filtered record section: two-sided, tapered
Robinson BP filter.
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Figure 3.41 Filtered record section; Hanning BP filter.
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Figure 3.42 Filtered record section: two-sided, tapered
Robinson BP filter.
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F ig u re  4 .4 3  F i l t e r e d  record  s e c tio n : Hanning BP f i l t e r .
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Robinson BP filter.
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s ig n a l no ise  r a t io .  Again, the Hanning f i l t e r  proves to  be m a rg in a lly  more 
e ffe c tiv e .
F ig u re s  3.41,42 = 6.0 km s~h  and 3.43,44 = 3.5 km s 'h  show
the re s u lts  o f the a p p lica tion  of both f i l t e r s  to the C a irng ry ffe  -  Qoburn 
record section. Most o f the traces in  the u if l l te re d  section (fig u re s  3.4,7) 
do n o t show any c le a r  S-wave energy and co n ta in  la rg e  amounts o f h ig h e r 
frequency noise. The f i l te r e d  sections, and in  p a r tic u la r  using the Hanning 
f i l t e r ,  show a cons id e ra b le  re d u c tio n  in  th is  no ise g iv in g  the best 
improvanent in  the S-wave signa l/no ise ra t io  of a l l  the sections.
3.3 The time-distance data
Each tim e -d i stance p ick w as nc q ui red o r ig in a lly  as a p a ir  o f Ordnance Survey 
g rid  coordinates w ith  e levation, and an a rr iv a l time fo r  the f i r s t  break on 
the  o s c il lo g ra p h  reco rd . Measures o f the o b se rva tio n a l u n c e r ta in ty  are 
included in  a l l  q u a n tit ie s . A program was w r it te n  (TX3E; l i s t in g  Appendix 6) 
to take source and rece ive r parameters fo r  each recording, and ca lcu la te  the 
range, tra v e l and reduced times w ith  standard e rro rs  fo r  each rece iver.
Groups o f data from  the same source recorded on separa te  days cou ld  be 
p lo t te d  on the same diagram as w e ll as o ther data groups from  d i f f e r e n t  
sources but on the same p ro file . The 3-second u n filte re d  record sections have 
the analogue P-wave p ick in g s  ( f ig u re s  3.45-4?) superimposed fo r  d ir e c t  
comparisons. For various reasons, a few analogue records w@"e not d ig it is e d  
and so th e i r  p o s it io n  i s  marked on the 3 - second reco rd  se c tio ns  by crosses 
on ly . A lso across  th e  LES and BTN arrays, the h igh  d e ns ity  o f tra c e s  has 
meant th a t some have been om itted fo r  c la r ity .  However a l l  traces fo r  these 
events a re  shown in  f ig u re s  3.12,13,15,17,18. The in te rn a l cons is tency  o f 
data recorded on d if fe re n t days in  the same l in e  was monitored by re record ing  
several s ite s . I f  the data are consistent, then the v a r ia t io n  between records 
o b ta in e d  a t  th e  same s i t e  on d i f f e r e n t  days sho u ld  be w i t h in  the
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Figure 3,4é Unfiltered record section with first break picks.
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observational errors. Time -  distance sections frcxn the three quarry lin e s  
( fig u re s  3.48-50) shew a l l  the data recorded and the magnitude of the t ie - in  
e rro rs  produced by th is  method o f recorded. Q u a lita t iv e ly , the t ie - in  e rro rs  
do not appear unreasonably large. S ta t is t ic a l ly ,  the mean observational e rro r 
fo r  a l l  records i s  0.008 i  0.004 (s^, n=133)> whereas the mean o f the t ie - in  
v a r ia n c e  i s  0.017 -  0.019 (s^, n=l8) -  a random se t o f va ria n ce s . When one 
la rge  t i e - in  discrepency is  removed (85 ms a t s ite  8A frcxn C a irng ry ffe  quarry 
1982), the  mean becomes 0.013 -  0.009 (s^, n=17). T h is  mean va lu e  i s  s t i l l  
w e igh ted  by a few la rg e  va ria n ce  va lues  but i s  now in  l in e  w ith  the 
o b s e rv a tio n s  on f ig u re s  3.45-47 The mean t i e - i n  e r ro r  ( f o r  n=17) i s  
m a rg in a lly  o u tw ith  the f i e l d  o f  o b s e rv a tio n a l e r ro rs  but th e re  i s  some 
o ve rla p  o f e r ro r  ranges, a llo w in g  the genera l co n c lu s io n  th a t the data  i s  
in te r n a l ly  consistent.
The number o f re c o rd in g  s i te s  p ro v id in g  data  fo r  these p r o f i le s  i s  
H illh o u s e  39, D unduff 31, and C lo b u rn -C a irn g ry ffe  30. This g ive s  average 
s ta tio n  spacings w ith  regards to  the range of coverage fo r  each quarry l in e  
o f 2.0 km, 1,6 km, and 2.0 km, respective ly . Ihese compare w e ll w ith  previous 
work o f th is  type ca rried  out in  the Midland V a lley and elsewhere (eg LISFB 3 
km, Baraford e t a l 1976; SUSP 2 km, Warner e t a l 1982; SWESE 2-3 km. Brooks e t 
a l 1984; S W a les-B ris to l Channel 2-5 km. Me chi e & Brooks 1984).
O ccasionally, apparent shear wave a r r iv a ls  were o f s u f f ic ie n t  strength and 
coherency on th e  analogue reco rds  to  be picked w ith  reasonable confidence. 
Where s u f f ic ie n t  p icks are present in  ary d ire c tio n  to  make a p ro f i le  from 
the  same source, these have been in c o rp o ra te d  in to  the  d a ta se t and 
in te rp re te d  a c c o rd in g ly . F ig u re s  3 .5 1 -5 3  show p ic k s  o f  a l l  c le a r ly  
id e n t i f ia b le  S-wave a r r iv a ls  w ith  observational errors.
A l i s t  o f a l l  t ra v e l tim e s  is  g iven  in  Appendix 3. These s tandard  data 
groups have been used w ith  a l l  the in te rp re t iv e  processes to  compare model
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Figure 3.48 First break picks from analogue record sections,
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Figure 3,52 Shear wave picks from analogue records.
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time distance data w ith  the o r ig in a l f ie ld  data
As m entioned in  s e c tio n  3*2.1, secondary a r r iv a ls  in  p a r t ic u la r  P-wave 
a r r iv a ls  are very poorly recognised ( i f  a t  a l l )  on the three p ro f i le  record 
sec tiona  The main reason fo r  th is  non-detection o f secondary a r r iv a ls  l ie s  
in  the na tu re  o f the source used in  th is  study. Quarry b la s ts  have some 
advantages over customised shota They are cheap (fre e ), repeatable (although 
record ing  over several months (o r years) can lead to  lo ca tio n  problems unless 
the  q u a rry  resurvey the a c t iv e  faces  r e g u la r ly ) ,  and t h e i r  use o f la rg e  
amounts o f ammonium n i t r a te  s lu r r y  p ro v id e s  a h igh  p ro p o rt io n  o f  low  
frequency energy in  the source, so g iv in g  the p o te n tia l fo r record ing out to  
q u ite  long  ranges even though the amount o f ava ilab le  record ing equipment a t 
any one tim e was lim ite d . There are some lo g is t ic  disadvantages, but from the 
p o in t  o f v iew  o f the  re co rd  s e c tio n s  and th e i r  in te r p r e ta t io n ,  the most 
s e rio u s  d isadvantages a re  in  th e  c o n tro l o f am p litu d e s  between d i f f e r e n t  
b la s ts  and in  the v a r ia b i l i t y  and extrem e le n g th  o f the generated source 
wavelet.
Commercial q ua rry  b la s ts  c o n s is t o f a la rg e  number o f ho les  a lig n e d  
p a r a l le l  to , and se t back by around 5 m from , the w o rk in g  face . To ach ieve  
the most e ffe c t iv e  y ie ld  o f rock, the holes are f i r e d  in  sequence s ta r t in g  a t  
one end o f the  fa ce , w ith  each h o le  de to n a tio n  be ing  delayed, u s u a lly  by 20 
ms, re la t iv e  to  the preceeding hole. The number of holes used and the w eight 
o f charge in  each hole va ries  according to  the needs o f tha t p a r t ic u la r  b la s t 
so th a t a t  le a s t one s ta tio n  must be held in  common fo r  a l l  repeated b la s ts  
to  allow  amplitude and wavelet shape co rre la tio n  across the p ro f ile . L o g is t ic  
re s t r ic t io n s  precluded the use of th is  technique her a
The use o f de lays produces a r ip p le  b la s t  c re a t in g  a complex source 
w ave tra in  which is  normally around 500 ms in  length , but can be longer. The 
on ly  useable p a r t o f the  w a v e tra in  i s  the energy from  the f i r s t  delay or 
h o le . The re m a in in g  energy is  d is s ip a te d  as a p o o rly  c o n tro lle d  s e r ie s  o f
119
con truc tive  and des truc tive  in te rfe rence .
O ther w o rke rs , no teab ly  a t the  G loba l Seismology U n it o f the  B.C.S., have 
expended much time and e ffo r t ,  using w e ll controlled quarry b la s t data, in to  a 
method o f re lia b ly  p red ic tin g  an accurate f a r - f ie ld  s ignature  fo r  the source 
w a v e le t, in  the hope th a t the d econ vo lu tio n  o f th is  o p e ra to r w ith  re co rd  
traces would re s u lt  in  the e f f ic ie n t  co llaps ing  o f the to ta l source energy 
back in t o  a s in g le , s im ple  pulse a t  the onset. To date, t h is  w ork  has n o t 
been e n t i r e ly  success fu l m a in ly  due to  the  problem s o f p re d ic t in g  a f a r -  
f ie ld  s ignature (A. McDonald, p r iva te  com m unication), a lthou gh  fu tu re  w ork 
may provide a means to  overcome th is  problem.
U n t i l  then, q u a rry  b la s ts  w i l l  rem ain  a u s e fu l source o f P-wave f i r s t  
breaks o r ten  w ith  good snear and su rfa ce  wave energy, but l im i t e d  in  
re so lu tio n  compared w ith  customised shots.
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Chapter 4 In te rp re ta tio n
4.1 Interpretation of the surface structure
4.1.1 Introduction
As t h i s  d a ta se t was b u i l t  up over a p e rio d  o f a lm ost th re e  yea rs , so 
s im ila r ly  the in te rp re ta t io n  expanded as a w ider and f u llŒ  coverage of th is  
area became ava ilab le . The early data we.ng predominantly single-ended, and so 
the co n ve n tio n a l reversed-coverage  methods o f in te r p r e ta t io n  were n o t 
s u ita b le  Discussion o f the in te rp re ta t io n  procedures used on th is  dataset 
w i l l  concentrate i n i t i a l l y  on the d ire c t a r r iv a ls  through the topmost rock 
la y e r ,  s ince  a knowledge o f near su rface  v e lo c i ty  s t ru c tu re  i s  c r i t i c a l  to  
the la te r  in te rp re ta t io n  o f deeper structu re .
Two d if fe r in g  in te r  prêta tio n a l approaches are described in v o lv in g  forw ard 
and inverse  m odelling  techniques. The WHB method provides a means o f d ire c t 
inve rs io n  from (T,X) to  (V,Z), but i s  l im ite d  in  i t s  opera tion  to  areas where 
the  v e r t ic a l  v e lo c i ty  g ra d ie n t i s  a lw ays p o s it iv e .  The p la n e - la y e r  method 
p ro v id e s  an i t e r a t i v e  means o f fo rw a rd  m o d e llin g  w h ich  can in c o rp o ra te  
v a r ia t io n s  in  the v e r t ic a l v e lo c ity  gradient. Both methods were app lied  here 
to  provide a measure of the consistency o f the in te rp re ta tio n s  fo r  each set 
o f f i e ld  data ra the r than to provide ary comparisons between in te r  prêta tio n a l 
methods.
4.1 .2 Wlechert-Her^otz-Batemaninversion
4.1.2.1 Method
I t  was n o tic e d  th a t  most o f  the  t r a v e l tim e  data co rrespond ing  to  d ir e c t  
a r r iv a ls  (a^) and recorded across the Lower Old Red Sandstone and S i lu r ia n  
sed im ents ove r, and to  the  E, o f the  Lesmahagow I n l i e r  showed a con tinuous 
v e lo c ity  increase w ith  range, independent o f azimuth, over the f i r s t  10 or 15 
km (see f ig u r e  3.1 fo r  s i te  and q ua rry  lo c a t io n s ) .  Thus these data were 
s u ita b le  fo r  d ire c t  inve rs ion  w ith  a ve lo c ity -d e p th  model using a s o lu tio n  to
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the Wiechert>Herglotz-Bateman (WHB) in te g ra l (Grant & West 1965; p139). This 
re p re s e n ts  the v e lo c i ty  V, a t  a depth Z, de fine d  as the tu rn in g  p o in t  o f a 
ray received a t  a distance X from the source as:
/x=X
Z(v) = I cosh"^( V * d t/dx)dx 
) x=0
where V = (dx/dt)%_%
A program has been w r i t t e n  (program WHB ( l i s t i n g  Appendix 6): a m o d if ie d  
vers ion o f an o r ig in a l program w r it te n  by J. H a ll, Glasgow U n ive rs ity ) which 
accepts a series o f tra ve l times corresponding to  equal increments o f range 
away from the source, and obtained from a pre-smoothed curve o f f ie ld  data. 
The program checks th a t  the  m o d e l- tra v e l tim e  data have c o n tin u o u s ly  
decreasing tim e increments. I f  not, the re levan t values are increm en ta lly  
reduced u n t i l  th is  cond ition  i s  met. At the end o f the ca lcu la tio n  sequence, 
the model and f i e l d  t ra v e l tim e data are p lo t te d  on the same graph f o r  
comparison.
4.1 .2 .2  Application of the WHB method to fie ld  data
The fo l lo w in g  f ig u re s  show the a p p lic a t io n  o f t h is  te ch n iq u e  to  d ir e c t  
a r r iv a l  data (a ^). A l l  f i e ld  t im e -d i stance data a re  p resented w ith  the 
computed observational e rro rs , and a l l  model tim e -d i stance data as a series 
o f s tra ig h t l in e  segments.
The sampling in te rv a l o f these tim e -d i stance curves fo r  inve rs ion  by the 
WHB method r e f le c t s  the d e n s ity  o f data in  each p r o f i le .  For a l l  the data 
sets modelled using the WHB method, the sampling density was determined by 
the number o f f ie ld  po in ts to  be modelled and range o f data coverage across 
each p r o f i la  Obviously, d e ta il is  lo s t  using a coarse sampling in te rv a l but 
where da ta  was l im i t e d  or data coverage sparce, i t  was f e l t  th a t  lo s s  o f
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d e ta ile d  re s o lu tio n  was p re fe rab le  to  over-m odelling.
The data recorded to  the E o f Dunduff quarry (see lo c a tio n s  in  f ig u re  3,1) 
w€rL th e  f i r s t  se t o f data recorded in  t h is  p ro je c t  and have th e  advantage o f 
reasonably p red ic tab le  l i th o lo g ic a l as w e ll as s t r a t i  g ra p h ic a l homogeneity 
across th e  re g io n  o f in te re s t  (o f g e o lo g ic a l s e c tio n  f ig u r e  3 .2 ). I t  was 
expected th a t  S i lu r ia n  sedim ents s im ila r  to  those c rop p ing  o u t in  the 
Lesmahagow In l ie r  would be present beneath the l in e  a t depths o f around 1 km. 
Only the f i r s t  10 km o f th< S€ da ta  w i l l  be considered here fo r ,  as w ith  the 
l in e  to  the  W o f the  q u a rry , th e re  i s  a d is c o n t in u ity  in  th e  tim e  d is ta n ce  
data suggesting a complexity e ith e r la te r a l ly  or w ith  increasing  depth under 
th is  p a rt o f the lin e .
A smooth curve was f i t t e d  through the data as shown in  f ig u re  4.1 a g iv in g  
the V-Z curve in  f ig u re  4.1b. This shows a h i ^  surface v e lo c ity  o f around 4 
km s"** w ith  an i n i t i a l  v e lo c ity  g ra d ie n t in  th e  to p  0.5 km o f about 1 s“ * 
reducing w ith  depth to  0.6 s"** below 1 km depth, w h ile  5 km s” ** i s  reached a t 
on ly  0.6 km depth.
As described in  3*2.1 and shown in  f ig u re  3 3 /6  a number o f good q u a lity  S 
wave a r r iv a ls  were p icked  from  the data recorded e as t o f D unduff. I t  was 
considered w o rthw h ile  to  model these because of the considerable p o te n tia l in  
l i t h o lo g ic a l  d is c r im in a t io n  w ith  the use o f Vp/Vg (o r P o isson 's r a t io )  
compared w ith  Vp alone. Vp/Vg va rie s  among m inera ls from 1.48 fo r quartz to  
around 1.85 fo r  hydrated m inerals (Alexandrov & Ryzhova 1961 a,b; Alexandrov & 
Ryzhova 1962; C hris tensen  & F oun ta in  1975), and so g re a te r  l i t h o lo g ic a l  
d is c r im in a tio n  is  possible on the basis of th is  extra  parameter. P icking o f 
S-waves a t  s i te s  c lose  to  a qua rry  source in v o lv e s  the  d i f f i c u l t y  o f 
d is t in g u is h in g  the S-wave a r r iv a l  from  the g e n e ra lly  h igh  energy s u rfa c e  
waves fo llo w in g  close behind in  time. Assuming th a t the h ighest mode surface 
waves w i l l  have a v e lo c ity  o f  0.9 tim es th a t o f the S-waves, then the la te  
a r r iv a ls  a t  around 7 km in  f ig u re  43a could be explained as m is - id e n t if ie d
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s u rfa c e  w aves. Elsewhere on th is  p a r t o f the l in e ,  the s e p a ra tio n  i s  la rg e  
enough to  be noticeable^
A smooth cu rve  through the data in  f ig u r e  4.2a g ive s  th e  V-Z curve  in  
f ig u re  4.2b, This again shows a high i n i t i a l  v e lo c ity  g rad ien t o f around 1 s“  
\  reducing w ith  depth, and reaches 3 km s ' l  a t a depth of ju s t  over 1 km.
A more u s e fu l diagram i s  f ig u r e  4.3, where both P and S-wave V-Z curves 
have been combined onto one diagram and p lo t te d  a long  w ith  the Vp/Vg and 
P o isson 's r a t io s .  Both the Vp/Vg and P o isson 's r a t io  curves show a sharp 
decrease over the i n i t i a l  0.4 km depth and then f la t te n  out w ith  increasing 
depth. The i n i t i a l  g ra d ie n t re la te s  to  the S-wave v e lo c i ty  g ra d ie n t be ing  
h igher than the P-wave gradient near the surface and is  due to  the c losure  of 
f l a t  c racks  and la rg e r  sca le  f r a c tu re s  w i t h in  the sandstone, and the  
corresponding reduction in  porosity .
C a irn g ry f fe  and C loburn q u a r r ie s  ( lo c a t io n s  f ig u r e  3.1) a re  a d jacen t 
q u a rrie s  working the same f  el s i te  in tru s io n , in truded  in to  the base o f the 
lo c a l Lower O ld Red Sandstone, on e ith e r  s ide  o f a h i l l .  The w o rk in g  f  aces 
are separated by no more than 0.5 km and in  the d ire c tio n  o f the H illhouse  -  
B roughton p r o f i le ,  the e f fe c t iv e  separaticJn i s  le s s  than  100 m. For a l l  
purposes, the two quarries  have been assumed to be a t the same p o in t on the 
p ro f i le .
The data recorded to  the W o f C a irng ry ffe  quarry ( f ig u re s  4.4a, b) comprise 
fo u r  tem porary s ta t io n s , c lo s e s t to  the qua rry  and d e f in in g  the d ir e c t  
a r r iv a l,  and the LES array where the recorded apparent v e lo c ity  is  5.95 km.S"
1 (Appendix 4 .4 ,5 ). The f i r s t  p o in t, a t  5 km range, i s  seen to  be around 50 
ms slower than expected from the predicted model. This s ta tio n  was s ite d  on 
boulder clay ove rly ing  Upper d d  Red Sandstone sediments and arotnd 20 m from 
th e  s i t e  o f a sha llow  B.C.S. boreho le  g iv in g  th e  depth to  rockhead as 12 m 
(see f ig u r e  3.1). The Upper Old Red Sandstone sequence here  i s  th in  bu t has
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an outcrop leng th  in  l in e  w ith  the expected ray-path fra n  the quarry o f 1,5 
km. Assuming a ra y -p a th  le n g th  o f about 1 km, v e lo c i t ie s  fo r  the Lower and 
Upper O ld Red Sandstone o f 4,5 and 3.8 km s " ! , and fo r  bou lde r c lay  o f 2,0 
kn gives a delay rN a t iv e  to  a Lower Old Red Sandstone ray-path o f 47 ms 
w h ich  i s  o f  the  r ig h t  o rder o f va lue to  e x p la in  t h is  delayed t r a v e l- t im e  
point. The rana in ing  po in ts  were f i t t e d  to  a smooth curve based o r ig in a lly  on 
th e  curve  from  the  Dun d u ff  E l in e ,  and th e  r e s u lt in g  V-Z curve  i s  shown in  
f ig u r e  4,4b, The su rfa ce  v e lo c ity  i s  s im ila r  to  th a t seen around D unduff 
quarry, but down to  1 km depth the v e lo c it ie s  are s l ig h t ly  lower, in d ic a tin g  
a sm a ll l a t e r a l  change in  Vp across the Lower Old Red Sandstone sedim ents 
between Dunduff and C a irng ry ffe  quarries.
As the e s tim a te d  maximum depth o f p e n e tra t io n  o f S-waves from  D unduff 
q u a rry  ( f ig u r e  4.2b) is  s im i la r  to  th a t  o f the  P-wav es from  C a irn g ry f fe  
quarry, e ffe c t iv e  reversa l of th^se data can be assumed. An attem pt can then 
be made to  e s tim a te  the range o f Vp/Vg and Poisson’ s r a t io  va lu e s  expected 
w ith  depth under th is  re g io n  assuming th a t the  S-wave v e lo c i t ie s  are 
la te r a l ly  constant between the two quarries. F igure 4,5 shows the P-wave V-Z 
curves from Dunduff and C a irng ry ffe  quarries, and the S-wave V-Z curve from 
D unduff, Obta ined from  these curves a re  e s tim a te s  o f  Vp/Vg and Po isson ’ s 
r a t io  va lu e s  fo r  th is  re g io n  down to  2,5 km depth. As expected f o r  a re g io n  
of predominantly, i f  not e n tire ly , q u a rtz -r ich  c la s t ic  sediments, the Vp/Vg 
and Poisson’ s r a t io s  a re  very lo w , once the near s u rfa c e  f l a t  c racks  and 
fra c tu re s  close w ith  increasing pressura
To the E o f C loburn q u a rry , the data were c o lle c te d  on two separa te  
occas ion s ; th e  th re e  c lose  p o in ts  as p a r t  o f the  H i l l  house -  Broughton 
p ro f i le  and the remaining data as a r r iv a ls  in to  the BTN array (see Appendix 
4.17). The s ta t io n  a t  around 12 km range was s ite d  some 3 -4  km S o f the  l in e  
o f p ro f i le ,  ju s t  across the SUE, and i t  appears on the tim e-d istance diagram 
( f ig u r e  4.6a) as about 90 ms fa s t  o f the in te r p r e ta t io n  o f the  re m a in in g
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p o in ts  on the d ir e c t  segment o f the curve. T h is  e a r ly  a r r iv a l  can be 
e x p la in e d  by u s ing  some knowledge o f the  lo c a l geology. A d ir e c t  l in e  from  
C loburn q u a rry  to  th is  s i te  (6E) passes c lose  to  the e a s te rn  m arg in  o f the 
T in to  f  e l s i te  in t r u s io n  (see f ig u re s  3,1,2) which is  a la rg e  concordant, 
la c c o l i th !c  body up to  2 km in  thickness and dipping to  the NW a t around 40^. 
I f  th is  body extends la te r a l ly  underground fo r  a few k ilom etres  towards the E 
or NE, then i t  w i l l  cross the quarry -rece ive r ray-path a t  a depth of aromd 1 
km. Assiming a v e lo c ity  a t th is  depth o f 5.7 km s“ *' compared w ith  5.0 km s ' l  
f o r  the su rro u n d in g  rocks, and a path le n g th  o f  4 km through the in t r u s io n ,  
which is  not unreasonable, the re s u lt in g  decrease in  tra v e l- t im e  would be 98 
ms. Given th a t the above assumptions do not invo lve  much e x tra p o la tio n  from 
e ith e r  the  known lo c a l geology or p rev ious  geophys ica l work (p resen ted  in  
t h is  study or p re v io u s ly  p u b lish e d ), s im p le  c a lc u la t io n s  can be used to  
exp la in  lo c a l ly  anomalous data as found in  fig u re s  4.4a and 4.6a.
The curve  f i t t e d  to  the re m a in in g  data in  f ig u r e  4.6a produced the  V-Z 
curve in  f ig u re  4.6b. This was based on the curve f i t t e d  to  the data from the 
W o f C a irng ry ffe , and l i t t l e  m o d ifica tio n  was required.
Figures 4.7,8 show the data from the two o ff-end  shots in to  the LES array. 
The C ornstones Shot ( lo c a t io n  f ig u r e  3,1) was s itu a te d  in  a sm a ll d isused 
lim estone quarry around 100 m o f f  the southwestern margin o f the Lesmahagow 
I n l i e r  and recorded  a p p ro x im a te ly  a long s t r ik e .  The M idd le  C ro f t  Shot 
( lo c a t io n  f ig u r e  3,1) was s itu a te d  o f f  end o f the  n o rth e rn  l i m i t s  o f  the  
array and w ith in  the upper most pa rt of the S ilu r ia n  succession, and recorded 
across s tr ik e . The c lu s te r o f data on f ig u re  4.8a between 8-9 km range is  due 
to  a r r iv a ls  from  s ta t io n s  on the a lo n g -s tr ik e  arm and i s  a measure o f the 
amount o f la te ra l v a r ia t io n  in  v e lo c ity  w ith in  the top 1 km under the array.
The in ve rs io n  to  veLocity-depth o f the Cornstones and Middle C ro ft datasets 
produces curves w h ich  can be s p l i t  in to  two segments a t  a depth o f 0.5 km
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( f ig u re s  4,7b & 8b), A lthough co n s tra ined  by on ly one p o in t c lose  to  the 
shot, the M iddle C ro ft V-Z curve ind ica te s  low er i n i t i a l  v e lo c it ie s  than from 
Cornstones over the same range, a fa c t  which is  confirmed by the comparison 
o f  the  t r a v e l tim e s  between th e  two da tase ts . Over com parable ranges, the 
Middle C ro ft data is  consis ten tly  around 50 ms slower.
Beneath 0,5 km, both V-Z curves a re  very s im ila r ,  in d ic a t in g  maximum 
penetra tion o f ju s t  over 1 km and p re d ic tin g  P-wave v e lo c it ie s  o f up to  5,5 
km s "^ , W ith  both curves, the  in d ic a te d  v e lo c ity  g ra d ie n ts  a re  h ig h , w ith  
i n i t i a l  g rad ients o f over 2 s“ *^ reducing to  around 1 s"** below 0,5 km.
Figures 4,9a,b show the data and i t s  in te rp re ta t io n  fo r  recordings made to  
the W o f D undu ff q u a rry , W o f the  q u a rry  Lower Old Red Sandstone sedim ents 
outcrop fo r  3 km u n t i l  a f a u l t  brings up the S ilu r ia n  rocks o f the in l i e r  (c f 
f ig u re s  3.1 >2), Only fo u r  o f the  f i r s t  f iv e  po in t's  on the l in e  recorded  W o f 
D unduff q u a rry  have been in c lu d e d  in  t h is  in te r p r e ta t io n .  The c lu s te r  o f 
p o in ts  between 18 and 23 km were considered o u tw ith  the  range o f d i r e c t  
a r r iv a ls ,  and a lso  be ing reco rded  over or to  the  W o f the  D is t in k h o rn  
in t r u s iv e  complex, were expected to  show c o m p le x it ie s  r e la t in g  to  t h is  
igneous body, Ihe unmodelled p o in t a t  6 km range was s ite d  on a small fe ls i t e  
in t r u s io n  and the p o s it io n  o f i t s  t ra v e l tim e  on f ig u r e  4,9a im p lie s  th a t  
t h is  body must be more e x te n s ive  depth. From the s i t e  lo c a t io n s  shown in  
f ig u re  3,1, no t a l l  s ite s , espec ia lly  in  the cen tra l parts o f the H illhouse -  
B roughton p r o f i le ,  are lo c a te d  e x a c tly  on a s t r a ig h t  l in e .  T h is  was due to  
the need to  loca te  su ita b le  outcrops of rock as s ite s  in  areas w ith  th in  but 
u n ifo rm  d r i f t  cover. T h is  p a r t ic u la r  s i t e  (ID ), i s  s l ig h t l y  to  the  S o f the  
p ro f i le  and so ary in fe rre d  lo c a lis e d  mass o f f  e l s i t i c  rock need no t a ffe c t 
the a r r iv a ls  to  other s ite s  fu r th e r  N,
Ihe ran a i n i ng s ite s  a llow  the f i t t i n g  o f a smooth curve ( f ig u re  4,9b) which 
re v e a ls  h igh  s u rfa c e  v e lo c i t ie s  and much lo w e r v e lo c i ty  g ra d ie n ts  than 
modelled from the Cornstones or Middle C ro ft shot data. Ih is , along w ith  the
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d is c u s s io n  o f the data from  E o f D unduff q u a rry , le d  to  the view  th a t  th is  
area is  one o f considerable la te ra l as w e ll as v e r t ic a l v e lo c ity  va ria tio n s , 
and as such the WHB method is  not su ita b le  fo r  i t s  in te rp re ta tio n .
Figures 4.1 Oa, b show the tim e -d i stance data and'^hetr in te rp re ta t io n  from the 
G re iv  eh i l l  Shot. T h is  was a 52.5 kg P la s te r  G e le tin e  shot f i r e d  in  a N.C.B. 
bo reh o le  in  Lower C arbon ife rous sed im ents near New Cummnock, c e n tra l 
A y rs h ire , and recorded by the Lesmahagow a rra y . No in te rm e d ia te  re c o rd in g  
s i te s  w ere used, so the  in te r p r e ta t io n  o f th is  data i s  l im i te d .  The 
in te rven in g  region between the shot and the arrsy is  composed i n i t i a l l y  of a 
3 km wide outcrop o f Carboniferous sediments fo llow ed  by a 4 km wide outcrop 
o f Lower Old Red Sandstone sediments, the SW extension of the Hagshaw H i l ls  
I n l i e r  and th e  4 km w ide Douglas C o a lf ie ld  w h ich  i s  te rm in a te d  a t  i t s  
northern margin by the Kerse Loch fa u lt .  To the north of the Kerse Loch fa u l t  
l ie s  the Lesmahagow In l ie r .  Ihe close p rox im ity  o f the Douglas basin to  the 
a rray  may a f fe c t  the c lo s e s t s ta t io n s  by im pos ing  an e x tra  delay due to  
transm ission o f those rays through the base of the Carboniferous succession 
but the rem aining a rr iv a ls  do no t appear to  be affected.
The in te rp re te d  curve stops a t 17 km range as evidence from H illhouse and 
C a irn g ry f fe  q u a rr ie s  suggests th a t the c ro ss -o ve r p o in t  to  a re fra c te d  
a r r iv a l should occur a t  around th is  range. Ihe apparent v e lo c ity  across the 
la s t  three po in ts between 16 and 20 km is  aromd 5.8 km s " \  which although 
le s s  than the values from H illhouse and C ra ig ie  q ua rries  (Appendies 4.6/7) is  
s im i la r  to  th a t  re ce ive d  from  C a irn g ry ffe  q ua rry  and a lso  the K irkcon n e l 
opencast s i t e  (Appendix 4 .8), which has a s im i la r  azim uth  a lthough  g re a te r 
range. Ihus the f in a l  two po in ts in  th is  dataset were te n ta tiv e ly  associated 
w ith  re fra c te d  a r r iv a ls  and the re fo re  not considered fu r th e r  in  th is  section.
Ihe rem aining data haie.an aperture o f le ss  than 4 km and so i t  is  d i f f i c u l t  
to produce a m ique in te rp re ta tio n . Ihe re fo re  an i n i t i a l  model based on the
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main fe a tu re s  of the Cornstones and Middle C ro ft V-Z in te rp re ta t io n s  was used 
and extended by e x tra p o la t io n  to  f i t  t h is  re m a in ing  data. I t  was f e l t  th a t  
th is  was a geo log ica lly  reasonable approach as no confidence can be placed 
upon the independent in te rp re ta tio n  o f the dataset.
The c lo s e -s h o t data from  H illh o u s e  quarry  were n o t in c lu d e d  in  the WHB 
ana lys is  due to  the early re frac ted  a r r iv a ls  and the subsequent d i f f ic u l t y  in  
d e fin in g  a good series o f d ire c t a rr iv a ls .
The shcrt range tim e -d i stance data have been used in  two ways w ith  the WIB 
inve rs io n : by ign o ring  the tim e -d i stance po in ts on the re fra c to rs , estim ates 
of the ve lo c ity -d e p th  s tru c tu re  fa r  the sedimentary laye r up to  the maximum 
depth o f p e n e tra t io n  were ob ta ined  (eg f ig u re s  4,1 to  4 ,10); whereas by 
in c lu d in g  th e  f i r s t  few p o in ts  on th e  r e f r a c to r  and assuming a r e a l i s t i c  
r e f r a c to r  v e lo c i ty  (based o n -e s tim a te s  from  reve rsed  or near reve rsed  
segments i f  ava ilab le , otherwise using the apparent v e lo c ity ) , an estim ate  of 
depth to  the re fra c to r  could be obtained (see f ig u re s  4,11 to  4,14 IThis d id  
re s u lt  in  some d is to r t io n  o f the V-Z curve fo r  the region immediately above 
the r e f r a c to r  due to  the sm oothing e f fe c t  o f the WHB fu n c t io n  on a now 
d is c o n tin o u s  V-Z curve, but t h is  d id  prove a u se fu l method o f  o b ta in in g  a 
qu ick, d ire c t estim ate of the depth to  a re fra c to r  fo r  inco rpo ra tion  in to  the 
ray-model,
4.1.3 Plane layer interpretation
Tne re s u lts  o f the WHB invers ion  were compared w ith  re s u lts  obtained using 
a p lane la y e r  in te r p r e ta t io n  where the con tinuous v e lo c i ty  in c re a se  w ith  
depth has been sim ulated by using mary th in  layers, each w ith  an increasing  
v e lo c i ty .  Program LAUFZEIT (Kam inski & M u lle r , K a rls ru h e  U n iv e rs ity )  i s  
designed to  ca lcu la te  the various phases produced by an inpu t ve lo c ity -d e p th  
curve, using plane-layered geometry. M odelling of the headwaves produced from 
re fra c t in g  horizons is  possible, as is  the d e lim it in g  o f delays produced by
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revQ^sed v e lo c ity  gradients and low -ve locity-zones. This process is  ite ra te d  
u n t i l  a s a t is fa c to r y  f i t  to  the f i e ld  data i s  ach ieved. As w ith  the WHB 
method, th is  program assumes la te ra l v e lo c ity  homogeneity w ith in  each dataset 
and so th e  r e s u lt s  must be in te rp re te d  w ith  cau tion . T h is  techn ique  was 
app lied  independently to  a l l  the f ie ld  data presented in  the WHB inve rs ion  
s e c tio n  and th e  re s u lta n t  s y n th e t ic  t im e -d is ta n c e  graphs a re  shown fo r  
comparison in  fig u re s  4.15 to  4.19. The p o s t-c r it ic a l re f le c t io n  branch was 
a lw ays c a lc u la te d  and p lo t te d  by the program a lthough  n o t used in  any o f 
these in te rp re ta tio n s , Ihe e rro rs  in  the f ie ld  observations are not p lo tted . 
The range o f depths produced from  the WHB in v e rs io n  g ive  a measure o f the  
depth o f penetra tion o f d ire c t a r r iv a ls  w ith in  each dataset as ary re fra c te d  
a r r iv a ls  were excluded from the invers ion  and should also provide minimum 
p o s s ib le  v e lo c i ty  va lue s  a t  any g ive n -d e p th . However both d ir e c t  and 
re f ra c te d  a r r iv a ls  can be m odelled  u s ing  th e  plane la y e r  method w ith  the 
r e s u l t  th a t  the re g io n  between the deepest p e n e tra tin g  d ir e c t  ray and the 
re fra c to r  has to  be in te rp re te d  in d ire c t ly  as a time delay between the known 
surface v e lo c ity  s truc tu re  and the re fra c to r. Ih is  zone was always assumed to  
have a v e lo c ity -d e p th  s tru c tu re  w hich  i s  a downwards c o n tin u a tio n  o f th a t  
d i r e c t ly  in te rp re te d  from  the d ir e c t  a r r iv a l  data. Where a r e f r a c to r  was 
encountered  w i t h in  any da ta se t, the  f i r s t  p r io r i t y  was made to  match the  
crossover p o in t  w ith  a r e f r a c to r  v e lo c ity  ob ta ined  e ith e r  from  r e f r a c to r  
re v e rs a l o r, i f  t h is  was n o t a v a ila b le , from a reasonab le  g e o lo g ic a l 
estim ate.
From the  in te r p r e ta t io n s  shown in  f ig u re s  4.16a,b and 4.18a, i t  became 
appa ren t th a t  h ig h  v e lo c i ty ,  probably d is c re te  la y e rs  e x is te d  w ith in  the 
su rface  sed im entary la y e r. The th icknesses o f these la y e rs  cou ld  n o t be 
co n tro lle d  d ire c t ly  fo r  the reasons described above, but a measure of th e ir  
l im ite d  la te ra l  extent could be appreciated from the leng th  of each re fra c to r  
segnent compared w ith  the length  of the plane-layer syn the tic  segment. Where
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the apparent re fra c to r  v e lo c ity  was h i^ e r  than the expected range of values 
encompassing a l l  r e a l i s t i c  g e o lo g ic a l p o s s ib i l i t ie s ,  such as the sh o rt 
segment w ith  an apparent v e lo c ity  of 6,3 km between +9 km and +14 km from 
Dunduff quarry  ( f ig u re  4.16b), then i t  was in fo^red  th a t these a r r iv a ls  were 
up-d ip  from the boc^ and some minimum value could be placed on th is  dip, in  
th is  case 3—4^. No low er l im i t  could be placed on the v e lo c ity , as r e a l is t ic  
geolog ica l in te rp re ta tio n s  in  th is  area can account fo r  most v e lo c it ie s  up to  
about 6 km s % Values greater than th is  would imply rock types whose density 
i s  s u f f ic ie n t ly  la rge  to  create regions o f anomalously high density, which 
would then be obvious on the reg iona l Bouguer anomaly map (Hussain & H ipldn 
1 9 8 3 ) .
W ith  the  e xce p tio n  o f the  data to  the W o f Dunduff qu a rry  (4.1 8a) and th e  
minimum and maximum S-wave v e lo c ity  in te rp re ta tio n s  from Dunduff E ( f ig u re  
4 .17a ,b ), a l l  l in e s  w ith  data recorded beyond 16-17 km range re q u ire  the  
presence o f a h igh  v e lo c ity  (Vp around 6.0-6.1 km s“ **) re fra c to r  a t depths of 
about 3 km. This consistency of apparent ve lo c ity  and ind ica ted  depth im p lie s  
th a t tJ iis  re fra c to r  must be continuous and may underlie  the whole p ro f ile .  
Ih is  w i l l  be considered fu r th e r  in  the fd lc w in g  sections.
Comparisons o f the V-Z curves produced by both methods are shown in  f ig u re s  
4.20 to  4.22. The curves produced by both methods a re  s im i la r  in  shape and 
were f i t t e d  using the same philosophy as ou tlined  e a r lie r . I t  was found tha t 
the WHB in te g ra l produces v e lo c it ie s  which are generally higher by 0.1 -  02 
km s“  ^ f o r  ary given depth than the p lane-layer method. Ih is  was i n i t i a l l y  
unexpected as, due to  the assumption of curved ray paths (the COSH in te g ra l) ,  
the WHB method should provide v d o c ity  values which are always slower w ith  
depth than those obtained from plane-layer modelling. Ihe d iffe rence  a rises 
from the fa c t  tha t both methods were independently applied to  each dataset 
and the  re s u lt in g  in te rp re ta tio n s  d if fe r  by v ir tu e  of f i t t i n g  d if fe re n t  l in e s
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to the same se ts  o f data. These comparisons must th e re fo re  be tre a te d  as a 
easure o f th e  bread th  o f p o ss ib le  s o lu t io n s  o b ta in a b le  by the f i t t i n g  o f  
curves to  these f ie ld  data in  add ition  to  ary discrepancies produced by these 
two d if fe re n t  in te rp re ta t io n  approaches,
4 .1 .4  Tau -  P in ve rs io n
Since the WHB invers ion  method cannot be used fo r  d ire c t inve rs ion  o f data 
conta in ing suspected v e lo c ity  reversals, i t  was f e l t  th a t an attem pt should 
be made to  use another, p re fe ra b ly  more robust, in v e rs io n  techn ique  to  
in v e s tig a te  fu r th e r  the im p lica tio n s  o f low -ve locity-zones under parts  of the 
H i l l  house -  Broughton p r o f i la  Tau-P invers ion  (Bessonova e t a l 1974; Kennett 
1976; Garmary e t a l 1979; Die bold & S to ffa  1981, amongst others) is  a method 
of d ire c t ly  converting  tim e-distance points (or complete seismograms (Clayton 
& McMechan 1981; McMechan 1983a;b) from the (T,X) plane, to the (Tau,?) plane 
and then in v e r t in g  to  produce a ve loc ity -dep th  curva I t  can be used fo r  both 
re fra c t io n  and Common Mid Point (CMP) re fle c tio n  data
For a f ix e d  source re fra c tio n  p ro file , the wave slew ness U, in  any p a rt o f 
the medium under the p ro f i le  can be expressed as;
U = 1/V = (p2 + q2)1/2
where P = ho rizon ta l slew ness 
Q = v e r tic a l slowness 
V = v e lo c ity  of the median
Thus a t  any p o in t (Xj^,Tj^) on the  t im e -d is ta n c e  graph, the tangen t a t  th a t  
p o in t i s  ? i and the tim e in te rc e p t is  Tauj .^ I f  the surface v e lo c ity  is  known, 
then assuming a h o r iz o n ta lly  tra v e llin g  ray, = P«|, (Q<| = 0), Otherwise i f  
the o f fs e t  from the source to  the f i r s t  rece ive r (Xp is  small then:
^1 = 1 /^app 1
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I f  a la t e r a l ly  homogeneous medium w ith  horizon ta l laye rs  i s  assumed then:
Hi = ? i ie  Q = 0 
Thus i t  i s  now possib le  to  use the re la tio n sh ip
Z ,  Tau (P2)/2
(U^ _ p2)1/2
to de rive  Z-j, and then
j= i-1
Tau(P i^,)/2  + V z j ( U j  -  
= j=1
to  d e r iv e  v a lu e s  f o r  ( a f te r  D iebold & S to f fa  1981, equa tion  15).
The above r e la t io n  fo r  Z  ^is  analogous to  the p la n e - la y e r s o lu t io n  fo r  two
h o rizo n ta l la ye rs  using the head-wave in te rce p t time. S im ila r ly , the re la t io n
fo r  i s  analogous to  the  p la n e -la y e r s o lu t io n  fo r  the  i^ ^  la y e r . More 
recent work (M ilk e re it  e t a l 1985) has demonstrated the p o te n tia l extension 
of th is  method to  a la te r a l ly  inhomogeneous medium.
The o r ig in a l method o f applying the Tau-P inve rs ion  was tested  f i r s t l y  on 
some o f the data used in  the WHB in te g ra l in te rp re ta tio n , since v e lo c it ie s  
and depths f o r  these data were a lready known. The re s u lts  o f these 
com parisons a re  shown in  f ig u re s  4.23 and 4.25. In  genera l the agreement i s  
good, b u t w ith  a tendency o f the Tau-P method to  produce s l ig h t ly  h ig h e r 
v e lo c i t ie s  f o r  any g iven  depth (as expected fo r  a method s im i la r  to  the  
plane-1 ^ e r  method). However some of the lo c a l discrepancies, where present, 
m ay be due to  the  ra th e r  coarse sam pi in g  i  n te rv  a l s use d in  som e o f the  WHB
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datasets.
This technique was w r it te n  in to  a simple program (TAUP; l i s t in g  Appendix 6) 
and then a p p lie d  to  t im e -d i stance data generated from  the v e lo c ity -d e p th  
curve s u p p lie d  to  th e  plane la y e r  in te rp re ta t io n  program LAUFZEIT fo r  the 
Dunduff dataset recorded to the east o f Dm duff Quarry. As w ith  the previous 
two in te r p r e ta t io n  methods, th is  technique s u ffe rs  from  the se rio u s  
l im i t a t i o n  in  an area o f cons ide rab le  g e o lo g ica l co m p lex ity  such as the 
Midland V a lle y , in  th a t i t  assumes la te ra l ve lo c ity  homogeneity. As a re s u lt  
o f th is ,  i t  was decided to  te s t  th is  method on the data ob ta in e d  E o f 
D unduff, where i t  was f e l t  th a t la t e r a l  v e lo c ity  homogeneity was most 
probable. Here i t  was suspected th a t a ve lo c ity  reversal might be present a t 
around 2.0 -  2.5 km depth, and so i f  the method i s  sound, then th e  program 
TAUP shou ld  reduce the s y n th e tic  tim e -d is ta n ce  da tase t back to  som ething 
re se m b lin g  th e  o r ig in a l  LAUFZEIT in p u t V-Z curve (see f ig u r e  4.26). The 
LAUFZEIT output produces syn the tic  tim e-d i stance curves which are ca lcu la ted  
from equal increments o f the emergent ray angle re s u lt in g  in  a la rge  number 
o f (T,X) po in ts  a t  ir re g u la r  but generally very small in te rv a ls  (p a r t ic u la r ly  
fo r  the  d ir e c t  a r r iv a l  and a lso  a t  sh o rt ranges). In  t h is  way, any e f fe c ts  
produced by the coarse sampling on the WHB te s ts  should be n u l l i f ie d ,  but the 
i r r e g u la r  spa c i ngs p o s s ib ly  coupled w ith  in s u f f ic ie n t  p re c is io n  in  th e  
c a lc u la t io n s  then re s u lte d  in  a w ide s c a tte r in g  o f data a t  s h o rt ranges. 
Under te s tin g  w ith  the d ire c t and re frac ted  a r r iv a ls  only, the main fea tu res 
o f the d i r e c t  a r r iv a l  a re  reproduced as are the v e lo c i t ie s  o f the two 
re fra c to rs . The depth to  the tops o f the re fra c to rs  are reasonably w e ll fixe d  
but th ickness estim ates are somewhat exaggerated. F u rth e r developm ent and 
re fin e m e n t o f  t h is  techn ique  would in v o lv e  s i a n t-s ta c k in g  o f the  d ig i t a l  
traces used in  th is  example using the method oulined by McMechan (1983a; b), 
but la c k  o f tim e has precluded i t s  implementation her&
The strength  o f th is  method over the plane Igye r method is  th a t i t  provides
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d ire c t in ve rs io n  of f ie ld  data, w h ile  (un like  the WtB invers ion) re ta in in g  
the p o te n tia l to  model low -ve locity-zones. I t  does however re ly  heavily  on 
a l l  segments o f  the  T-X curve  to  provide accura te  d e te rm in a tio n s  o f the 
depths and th ickn e sse s  o f r e f r a c t in g  la y e rs  (eg see Germany e t a l 1979) 
M ilke r e i t  e t a l 1985), end so i t s  app lica tion  here to  f i r s t - a r r iv a l  data a t  
unequally spaced in te rv a ls  does not shew th is  technique to  f u l le s t  advantage.
4*1 »5 Sunmary o f the i n i t i a l  surface Is ye r v e lo c ity  in te rp re ta tio n
Ihe i n i t i a l  ve lo c ity -d e p th  in te rp re ta tio n  produced using the WHB in te g ra l 
and p lane  la y e r  methods a re  summarised in  f ig u re s  4.27 and 4.28. In  both 
f ig u re s ,  the  in te r n a l  cons is tency is  good w ith  the exce p tio n  o f the cu rve  
co rrespond ing  to  the  plane la y e r  in te rp re ta t io n  o f the P-wav es from  the 
i n i t i a l  16 km o f the  H illh o u s e  East l in e  ( th is  was no t s u ita b le  fo r  
d ir e c t  in v e rs io n  u s ing  th e  WHB in te g ra l) .  Th is l in e  d i f f e r s  from  the o th e r 
two in  s ta r t in g  from  w ith in  a basic s i l l  in  Carboniferous sediments and the 
c o rre s p o n d in g ly  low e r near surface  v e lo c i t ie s  co n firm  th is .  Below 0.8 km 
depth, a la y e r  w ith  a s im ila r  v e r t ic a l ve lo c ity  gradient but low er v e lo c it ie s  
to  the other curves was in fe rre d  to  represent the lo c a l CUd Red Sandstone on 
the b a s is  o f  m o d e llin g  o f the  lo c a l g ra v ity  f i e ld  (McLean 1966). Th is 
d is p a r ity  was b e tte r q u a n tif ie d  w ith  la te r  ray modelling.
Ihe rem ain ing V-Z curves show P-wave v e lo c ity  d is t r ib u t io n s  w hich  below 
about 0.5 km depth are cons is ten tly  w ith in  a band o f v e lo c it ie s  w ith  a w id th  
o f around 0.5 km s"**. Above th is  su rfa ce  v e lo c i t ie s  appear to  be d ir e c t ly  
re la te d  to  near- su rf ace l i th d o g y  w ith  lower v e lo c it ie s  across the shale- 
s ilts tone-sandstone  sequence of the Lesmahagow In l ie r ,  and h igher veLoc itie s  
across the  arenaceous sandstones o f the Lower Old Red Sandstone fu r th e r  E,
These cu rve s  are p lo t te d  a long w lt l i  the pub lished  V-Z curves fo r  the 
M idland V a lle y  from  the LIS PB p r o f i le  (Assumpcao & Bamford 1978) and th e  
LOWNET study (Cram pin e t a l 1970). R e fe rr in g  f i r s t l y  to  the P-wave curves.
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the LISPB e s tim a te  fo r  surface  sedim entary v e lo c i t ie s  i s  seen to  be a poor 
e s tim a te  o f these v e lo c i t ie s  across most o f the area o f Lower Old Red 
Sandstone and S i lu r ia n  ou tcrop  in  the  southern M idland V a lle y , be ing 
c o n s is te n t ly  slow w ith  depth from  depths o f le s s  than 0.5 km down to  3 km. 
The only exception to  th is  is  the l in e  recorded from H illhouse quarry where 
the 1 ay er e x te n d in g  from  0.8 -  3*5 km and a t t r ib u te d  to  the lo c a l  Low er 01 d 
Red Sandstone, fo rm s a good f i t  to  the LISPB V-Z curve. On t h is  l in e  the  
ove rly ing  Carboniferous sediments give much low er v e lo c it ie s  as expected from 
previous work (H a ll 1974; 1971). Thus the LIS IB surface la ye r v e lo c ity  can be 
shown to  be an average o f low er ve lo c ity  Carboniferous sediments and higher 
v e lo c ity  Lower Old Red Sandstone and S ilu r ia n  sediments.
From f ig u r e s  4.27 and 4.28 the 5.56 km s“  ^ from the LOWNET study can be 
seen to  p ro v id e  a reasonab le  upper l i m i t  to  the range o f P-wave v e lo c i t ie s  
found below 1 km depth. Above th is , the LCWNET model v e lo c ity  o f 3 km s"^ is  
much lo w e r than a n y th in g  found in  t h is  study. In  fa c t  t h is  la y e r  occurs in  
the published LCWNET dataset (Crampin e t a l 1970) only as a delay on the 5.56 
km s"^ re fra c to r  and was ju s t i f ie d  by the fa c t th a t a l l  the LCWNET rece ive r 
s i te s  are  s i te d  on Lower Old Red Sandstone or o ld e r rocks , whereas the 
m a jo r ity  o f sources were from w ith in  areas o f Carboniferous outcrop. The 3 
km s"** va lue represents a best estimate a t tha t time fo r  the Carboniferous 
sed im en ta ry  sequence and th e  1 km depth value i s  th e  r e s u lt in g  average 
thickness o f Carboniferous sediments as lim ite d  by the exten t o f th e ir  data.
Tne o n ly  d ir e c t  measurements o f surface  S-wave s tru c tu re  come from  data 
recorded  to  the E o f D unduff q ua rry . Combining these data w ith  an assumed 
average P-wave model fo r  th is  re g io n  g ives P o isson 's r a t io  va lues  ( f ig u re  
4.5) w h ich  a re  a lw ays le s s  than 0.25 below 1 km depth, and are  le s s  than or 
equal to  0.21 below 1.5 km depth. As discussed in  s e c tio n  4 .1 .2 , these 
re s u lts  are com patible w ith  the existence of a sequence of dominantly quartz-
r ic h ,  c la s t ic  sed im ents and co n firm  th a t the l i t h o lo g y  observed a t  the 
surface in  th is  region can be considered to  extend unchanged to  a t le a s t 2.5 
km depth.
F igure 4.29 shows the above re s u lts  p lo tted  fo r  comparison w ith  the LISFB 
and LCWNET V—Z curves. The higher S-wave v e lo c it ie s  recorded between Dunduff 
and C a irn g ry ffe  qua rrie s  re s u lt  in  values o f Vp/Vg and Poisson's ra t io  which 
are considerably low er than those recorded to the N and S o f Edinburgh by the 
LISFB p r o f i le  (Assumpcao & Bamford 197b).
Ihe re s u lts  described above along w ith  the re su lts  of the in te rp re ta tio n  o f 
the Lt,S c lo se  sho ts  f u l f i l l  one o f the i n i t i a l  aims o f th is  p ro je c t as 
o u tlin e d  in  section  3.1.
There i s  no evidence from  the LES close shots o f P-wave v e lo c i t ie s  
approaching 5.8 km s"^ over the Lower Palaeozoic ou tc rop , n e ith e r  i s  the re  
any evidence o f such h igh  v e lo c i t ie s  w ith in  2 km depth under the re g io n  
between Dunduff and C a irng ry ffe  quarries. Geological evidence suggests tha t 
Lower Palaeozoic sediments should be continuous from the Lesmahagow In l ie r  to  
the C arm ichael I n l i e r ,  and so should be present under the reg ion  between 
these tw o .q u a rrie s  a t  depths o f le ss  than 2 km. A high v e lo c ity  re fra c to r (Vp 
> 6.0 km s"^) i s  present under th is  area a t a depth o f around 3 km, but i t  i s  
co n tinuo us  under the  Lesmahagow I n l ie r  and so cannot re p re se n t any o f the  
l i t h o lo g ie s  seen a t  the su rface . From these re s u lts ,  i t  must be concluded 
th a t th e  LISPB in te r p r e ta t io n  o f the ag re fra c to r  (Vp = 5.8 km s~ h  is  
erroneous. A l te r n a t iv e  in te rp re ta t io n s  w i l l  be d iscussed in  the fo l lo w in g  
sections.
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4.2 In te rp re ta tio n  o f deep structure
4.2.1 Time-term stu(*y
4.2.1.1 Introduction
The tim e-te rm  method (W illm ore  & B ancro ft I960) is  a method o f ob ta in ing  
delay tim es fo r  record ing s ite s  over a given re fra c to r  and ob ta in in g  a le a s t -  
squares va lu e  fo r  the  v e lo c i ty  o f t h is  r e f r a c to r .  I t  i s  best s u ite d  to  2D 
record ing  a rrays ra the r than p ro file s , and p a r t ic u la r ly  where data from many 
sources are present.
The re la t io n  o f a recorded tra v e l tim e to  i t s  range and tim e-te rm s can be 
represented by:
Ti = ag + ar +
th 
; th
where Tj^  = the i ^  tra ve l time
Xj^  -  the i ^  range 
3g/j, = the source and re c e iv e r  t im e -te rm s  
respec tive ly
The t im e - te rm  fo r  any s ta t io n  i s  re la te d  to  the  th ic k n e s s  Z, and th e  
v e lo c ity -d e p th  s tru c tu re  v(z), o f the ove rly ing  la ye r by:
z=Z
^  -  v^ (z )/V  * v(z) dz
ZrO
A se ries  o f simultaneous equations can be constructed from the tra v e l tim e 
data and so lved  to  g ive  va lu e s  w ith  s tandard  e r ro rs  f o r  a l l  the source and 
re c e iv e r  s ite s ,  and th e  r e f r a c to r  v e lo c i ty .  T h is  type  o f s o lu t io n  i s  most 
meaningful i f  the res idua l formed from the degree of each tim e-term  equation 
is  o f s im ila r  magnitude to  the observed tra v e l- t im e  standard e rro rs . I t  i s  
assuned th a t a l l  the tra v e l- t im e  data has s im ila r  observational e rro r values, 
and an equal w e ig h tin g  i s  assigned to  each on t h is  bas is . In  a d d it io n  i t  i s
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assumed th a t the re fra c to r  v e lo c ity  is  constant across the region of study. 
In  order to  a tto n p t to  co rrec t fo r  v a r ia t io n s  in  observational e rro r w ith in  a 
g iven d a ta s e t, a system o f equa tion  w e ig h tin g  was in tro d u c e d  u s in g  an 
e m p ir ica l re la t io n  which assignes an in te ge r to  each tra v e l- t im e  equation on 
a sca le  o f  1 -  10 based on the m agnitude o f the t r a v e l- t im e  e r ro r  f o r  th a t 
equation. Ihe re la t io n  used here was :
= in tege r component o f (1/DT) * 20
where Wj^  = w e igh ting  fa c to r
DT = standard e rro r on tra v e l time
This gives the fd lc w in g  ta b le
w DT (sec)
10 < 0 .0 0 5
8 0.006
7 0.007
6 0 .0 0 8 -0 .0 0 9
5 0 .0 1 0 -0 .0 1 1
4 0 .0 1 2 -0 .0 1 4
3 0 .0 1 5 -0 .0 2 0
2 0 .0 2 1 -0 .0 3 3
1 > 0 .034
f ig u re  4 .3 0
The value o f W is  used to  produce W id e n tic a l equations which can then be 
used in  the  normal way.
The e rro r in  the  tra v e l- t im e s  can be compared w ith  the so lu tio n  re s id u a ls  
by u s in g  the F r a t io  method (Whitcombe & M aguire 1979; W h it com be & Rogers 
1981). Ih is  method computes a value fo r  the variance o f the tra v e l tim e data 
by the fd lc w in g  means;
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i = I  k=Ki 
Sq = ^  ^   ^ (TobSj j^^ — TobSj^)^ /  S
i=1 k=1
where TobSj^^ = the k^^ observation of the i ^  tim e 
TobSj  ^ = the mean observed value o f TobSj^  
k = number o f p ick ings of the i ^  time
■ i  = number o f tra ve l times in  the dataset
i= I
and where S = ^  (K j-1 ) 
i=1
The tim e-te rm  so lu tio n  variance is  given by;
i= I
i=1
4  = ^  r3 /  I-N-1
where r^  ^ = i ^  equation res idua l
i  = the number of the observation
Ihe F r a t io  fo r  ary so lu tio n  i s  then
F = s |  /  sg
In  p rac tice , the q u a n tity  ^  is  im possib le  to  c a lcu la te  p rec ise ly  as i t  i s  
derived from the variance o f tra v e l- t im e  p icks around a mean value, and i t  i s  
n o t n o rm a lly  p o s s ib le  to  be t o t a l l y  o b je c t iv e  and re p ic k  a t r a v e l t im e  
several tim es in  is o la t io n . However, i f  an a r r iv a l i s  picked and a r e a l is t ic  
measure o f the uncerta in ty  is  included then in tu i t iv e ly ,  th is  range should 
cover a l l  poss ib le  values o f p icking, Ihus
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i = I
^  V I -
i=1
where tj^ = e rro r in  the i ^  a r r iv a l tim e p ick ing
T h is  i s  e a s ily  c a lc u la b le  and should be o f the same m agnitude, a lthough  
genera lly  s l ig h t ly  sm aller than, the predicted th e o re tic a l value. As a re s u lt  
the F r a t io  c a lc u la te d  by th is  means w i l l  be somewhat lo w e r than i t s  
th e o re t ic a l value.
4.2.1.2 Application of the time-term method to th is study
Three o v e r la p in g  d a ta se ts  were prepared so as to  p ro v ide  com parisons 
between each o f the  ge og raph ica l re g io n s  fo r  w h ich  t r a v e l t im e  data was 
a va ilab le . Set A comprised the data from the H illhouse  -  Broughton p ro f i le  
o n ly ; s e t B in c o rp o ra te d  A w ith  data from  M idd le ton  and C ra ig p a rk  ( tw ic e )  
q u a r r ie s ;  and se t C in c lu d e d  B p lu s  the C en tra l C o a lf ie ld  q u a rr ie s . Th is 
s u b d iv is io n  o f the  data was designed to  a llo w  a com parison o f se t A w ith  
o ther in te rp re t iv e  methods used on the p ro f i le  data, as w e ll as checking fo r  
any a long  s t r ik e  c o n t in u ity  o f the  model tow ards Edinburgh (s e t  B ), and 
f i n a l l y  in t o  the C e n tra l C o a lf ie ld  (s e t C). In  p a r t ic u la r ,  se t A could be 
compared w ith  the ray model, a llow ing  c a lib ra tio n  o f the tim e-te rm s and th e ir  
depths. A l l  sources were used where timed data w ith in  the ranges o f 18 -  50 
km ava ila b le ;
In  o rd e r to  te s t  th e  e f fe c t  o f w e ig h tin g  th e  t r a v e l tim e  equa tions, 
so lu tio n s  fo r  a l l  three sets were obtained using both unweighted and weighted 
equations and these re s u lts  are shown in  f ig u re  4.31. TWo types o f standard 
e rro r are inc luded fo r  each tim e-term  : El represents the standard e rro r due 
to  the f i t  o f the s ite  tim e-term  to  the so lu tion , whereas E2 represents the
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F i g u r e  4 . 3 1  T i m e - t e r m s  a n d  r e s i d u a l s  c a l c u l a t e d  f o r  d a t a s e t s  A ,  B  &  C ,
F o r  e a c h  t i m e - t e r m ,  t h e  E l  e r r o r  r e p r e s e n t s  t h e  t i m e  r e s i d u a l  
w i t h  r e s p e c t  t o  t h e  o v e r a l l  s o l u t i o n ,  a n d  t h e  E 2  e r r o r  t h e  
r e s i d u a l  a t t r i b u t a b l e  t o  l o c a l  v a r i a t i o n s  u n d e r  e a c h  s i t e .  
W h e r e  o n l y  o n e  t r a v e l - t i m e  e x i s t s  f o r  a r r y  s i t e ,  t h e  E 2  e r r o r  
i s  n o t  c a l c u l a t e d .
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v a r ia t io n  in  t im e -te rm s  o f in d iv id u a l rays  in c id e n t  a t  th a t s i te .  The 
w e igh ting  fa c to rs  re su lted  in  a 5 - fo ld  increase in  the number o f equations 
used, a h a lv in g  o f the s tandard  e r ro r  in  the s o lu t io n  and a 4 - fo ld  decrease 
in  th e  s tanda rd  e r ro r  on th e  r e f r a c to r  v e lo c ity  d e te rm in a tio n . Thus th e  
w e ig h t in g  process r e s u lt s  in  a more p re c ise  s o lu t io n  fo r  each o f the th re e  
datasets. Set against th is , a 5 - fo ld  increase in  program memory storage was 
requ ired  and the jo b  tim ing  increased s im ila r ly .  Ihe en la rg ing  of the memory 
storage requirem ent created opera tiona l problems as regards the execution o f 
jo b s  d u r in g  the norm al w o rk in g  day, and so a l l  jo b s  had to  be s p e c ia l ly  
la b e l le d  and run in d iv id u a l ly  d u r in g  q u ie t  tim e s  in  th e  computer schedule 
(usua lly  very e a rly  in  the morning).
The la rg e s t v a r ia t io n s  between unweighted and weighted so lu tio n s  i s  seen in  
set C, which also has the poorest s o lu tio n  f i t s ,  -and re fra c to r  determ inations 
w h ich  a re  in c o n s is te n t  w ith  the  o th e r se ts. As a r e s u lt ,  i t  was concluded 
th a t the sets A and B are represen ta tive  of s ite s  above a uniform continuous 
r e f r a c t in g  h o r iz o n , whereas th e  tim e -te rm s  o b ta in e d  from  the  C e n tra l 
C o a lfie ld  must have a d d itio n a l va ria b les  to  a ffe c t the so lu tio n , e ith e r  in  
re fra c to r  type or in  s truc tu re ; Ih is  observation i s  fu r th e r  strengthened by 
n o ting  th a t the anomalous sources a l l  have unusually h i ^  apparent v e lo c it ie s  
fo r  ranges o f le s s  than 50 km. I t  i s  conceivable th a t these v e lo c it ie s  could 
be coming from  an upd ip  s e c tio n  o f the  6.4 km s“ *' r e f r a c to r ,  i t s e l f  a t  an 
u n u s u a lly  h igh  c ru s ta l le v e l ,  but to  co n firm  th is  more evidence w ou ld  be 
re q u ire d , perhaps a long  the  l in e s  o f d ir e c t  d e te rm in a tio n  o f the depth to  
t h is  la y e r  under the  q u a r r ie s  by reversed  r e f r a c t io n  coverage. Set C was 
th e re fo re  exc luded  from  fu r th e r  a n a ly s is . Set A was n o t cons idered  any 
fu r th e r  as i t  could be assumed to  be a subset o f set B,
The v a lu e  f o r  the  r e f r a c to r  v e lo c i ty  from  se t B a t  6.20 ± 0.06 km s” * 
( f ig u r e  4.31) is  s l ig h t l y  but s ig n i f ic a n t ly  la rg e r  than th e  v e lo c i t ie s  
d e r iv e d  from  the p lane la y e r  and WHB in te r p r e ta t io n s .  In  view  o f t h is  and
172
also o f the ray m odelling o f the H illhouse -  Broughton p ro f i le  which placed 
the re fra c to r  v e lo c ity  a t  around 6.05-6.10 km s - \  i t  was suspected th a t the 
so lu tio n s  were being a ffe c te d  by com p lex ities in  the ove rly ing  sedimentary 
la y e r .  In  o rd e r to  t e s t  th is ,  the c a lc u la t io n s  were repea ted  assuming th a t  
the re fra c to r  v e lo c ity  was known (and so could be f ix e d ), and constant across 
the  re g io n  o f s e t B. These va lu e s  were compared w ith  t im e -te rm  va lu e s  
ca lcu la te d  d ire c t ly  from the ray model. Calculated tim e-te rm s were produced 
by the fo llo w in g  method:
A D
D»CA' B
Ihe to ta l  tra v e l tim e can be represented by e ith e r
^AD = ^AB + + ^CD
or
^AD = ^s + &r + Any /  
th is  can be re w r it te n  as
tAD = as + 3r + (A'B/V^g^ + + CD'/V^ef)
since
tec  = BC /  Vre f
then
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Bg + 3r = -  tgQ -  A‘ B/V^g£- -  CDVVj,g£.
= tAB + tcD -  A*B/Vref -  CDVV^ef 
= (tAB -  A’ B /V j,ef) + (^CD -  C D W ^^f)
and assuming the source and re c e iv Œ' s truc tu res  are independent, and can be 
i  sol ated, g iv es
^s “  ^AB “  A’ B /  Vj,g£'
and
^ r  = ^CD “  /  ^ re f
This in fo rm a tio n  was ava ila b le  in  numerical form from the output o f the ray 
p lo t t in g  program RAYPLT (see 4 .2.2.1) and the re s u lts  o f  th is  te s t are shown 
in  f ig u r e s  4.32 and 4.33 in  com parison w ith  the c a lc u la te d  va lu e s  o f the 
t im e - te rm s  f o r  s i te s  on th e  H illh o u s e  -  Broughton p r o f i le .  Where s tandard  
e rro rs  are quoted fo r  the ca lcu la ted  tim e-term s, these were produced from the 
range o f values re s u lt in g  from more than one ray being in c id e n t a t  th a t s i te  
and so can be used to  g ive  a measure o f the v a r ia t io n  in  s u rfa c e  la y e r  
v e lo c ity  s tru c tu re  around th a t s i t e
The genera l tre n d s  o f these tw o independent se ts  o f  data a re  com parab le  
There a re  two a reas  o f s ig n i f ic a n t  d if fe re n c e ;  under H illh o u s e  q u a rry  and 
under, and to  th e  E o f, C loburn q u a rry . The unw eighted t im e - te rm  under 
H illhouse  quarry i s  almost 20% greater, im p ly ing  a greater true depth to  the 
re fra c to r  compared w ith  the ray model or Icw er v e lo c it ie s  in  the o ve rly ing  
s u r fa c e  la y e r .  From the in te r p r e ta t io n s  o f su rfa ce  s tru c tu re  across  the 
p r o f i l e  a lready  p resented  in  s e c tio n  4.1.2 and 4 .1 .3 , and summarised in  
f ig u r e s  4.27-29, th e re  is  good evidence to  su p p o rt the arguem ent f o r  lo w e r 
surface v e lo c it ie s  in  th is  area. The th ree  la rge  tim e-te rm  values between 60 
-  70 km are s im ila r ly  unexpectedly slow. The same explanations as above can
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TIME-TERMS PRODUCED WITH DATASET B FOR REFRACTOR VELOCITY FIXED AT 
6 .0 5  KM/S, AGAINST CALCULATED TIME-TERMS FROM THE RAY MODEL
UNWEIGHTED WEIGHTED RAY MODEL SITE NAME
TT El E2 TT E2 E2 CL TT ST E
0 . 6 0 4 0 . 0 3 3 0 . 0 1 1 0 . 6 0 1 0 . 0 0 8 0 . 0 0 4 0 . 5 2 5 0 . 0 0 3 HILLHOUSE Q
0 . 2 3 0 0 . 0 2 9 0 . 0 1 1 0 . 2 2 7 0 . 0 0 7 0 . 0 0 4 0 . 2 7 9 — — — — — DUNDUFF 0
0 . 400 0 . 0 2 9 0 .00 4 0 . 4 0 2 0 . 0 0 7 0 . 0 0 2 0 . 30 0 0 . 0 1 4 CLOBURN Q
0 . 2 2 7 0 . 041 0 . 0 3 2 0 . 2 2 6 0 . 0 1 2 0 . 0 1 3 0 . 3 0 6 0 . 0 1 8 1 A
0 . 2 2 8 0 . 0 4 1 0 . 0 2 5 0 . 2 2 7 0 . 0 0 9 0 . 0 1 3 0 . 2 8 2 0 . 0 2 7 2A
0 . 1 9 9 0 . 046 0 . 0 0 9 0 . 2 02 0 . 0 1 1 0 . 0 0 2 0 . 2 9 1 0 . 0 2 2 3A
0 . 2 3 5 0 . 0 4 1 0 . 0 0 7 0 . 2 3 6 0 . 0 0 9 0 . 0 0 2 0 . 3 0 2 0 . 0 3 0 4A
0 . 2 0 0 0 . 0 4 1 0 . 0 1 2 0 . 2 0 1 0 . 0 0 9 0 . 0 0 3 0 . 3 0 0 0 . 0 3 0 5A
0 . 1 9 5 0 . 0 4 1 0 . 0 0 8 0 . 1 9 4 0 . 00 9 0 . 0 0 2 0 . 3 5 9 0 . 0 5 2 6A
0 . 1  82 0 . 0 4 1 0 . 0 1 6 0. 1  84 0 . 0 09 0 . 0 0 5 0 . 2 6 1 0 . 0 3 8 8A
0 . 2 1 2 0 . 0 5 7 0 . 2 0 9 0 . 0 1 4 0 . 0 0 0 IB
0 . 2 1  8 0 . 0 5 7 0 . 2 1 6 0 . 0 1 4 0 . 0 0 0 3B
0 . 2 0 1 0 . 0 5 7 0 . 1 9 9 0 .01 4 0 . 00 0 4B-  . - - -
0 . 2 2 4 0 . 0 5 7 0 . 2 2 1 0 . 0 1 4 0 . 0 0 0 5B
0 . 1 9 6 0 . 0 5 7 0 . 1 9 3 0 . 0 1 4 0 . 0 00 6B
0 . 2 1 9 0 . 0 5 7 ---------- 0 . 2 1 7 0 . 0 1 4 0 . 00 0 ---------- ---------- 7B
0 . 3 4 2 0 . 0 5 9 0 . 3 4 5 0 . 0 1 4 0 . 000 0 . 4 4 8 CAIRKHILL
0 . 2 1 2 0 . 0 3 8 0 . 033 0 . 2 2 2 0 . 0 1 0 0 . 0 1 2 0 . 3 3 4 0 . 06 4 1C
0 . 1  46 0 . 0 3 8 0 . 0 4 3 0 . 1 5 2 0 . 0 1 0 0 . 0 1 5 0 . 2 8 4 0 . 0 4 6 2C
0 . 1 3 6 0 . 0 3 8 0 . 0 3 3 0 . 1 2 8 0 . 0 09 0 . 0 1 1 0 . 2 6 6 0 . 0 0 1 3C
0 . 0 8 2 0 . 0 4 6 0 . 0 3 4 0 . 0 7  9 0 . 0 1 0 0 . 0 0 8 0 . 3 0 4 0 . 0 1 2 ID
0 . 1 7 1 0 . 0 5 9 0 . 1 7 4 0 . 0 1 3 0 . 0 0 0 0 . 2 8 9 — — — — — 2D
0 . 1 3 8 0 . 0 5 9 — — — — — 0 . 1 4 1 0 . 0 1 3 0 . 0 0 0 0 . 3 3 0 3D
0 . 3 7 2 0 . 0 5 7 — — — — — 0 . 3 7 4 0 . 0 3 4 0 . 0 0 0 0 . 3 1 4 — — — — — 4E
0 . 2 9 2 0 . 0 4 4 0 . 0 5 0 0 . 2 9 9 0 . 0 1 2 0 . 0 1 6 0 . 3 1 6 6E
0 . 1 8 6 0 . 0 41 0 . 0 1 8 0 . 1 9 3 0 . 0 1 3 0 . 0 0 8 0 . 2 7 4 SI
0 . 1 7 7 0 . 0 4 1 0 . 0 1 0 0 . 1 7 7 0 . 0 1 3 0 . 0 0 5 0 . 2 7  4 S2
0 . 1 7 6 0 . 0 4 1 0 . 0 1 0 0 . 1 7 7 0 . 0 1 3 0 . 0 0 5  ■ 0 . 2 7 4 — — — — — S3
0 . 1  80 0 . 0 4 3 0 . 0 02 0 . 1 7 9 0 . 0 1 3 0 . 0 0 2 0 . 2 7  3 S4
0 . 1 7 4 0 . 0 5 0 0 . 0 3 6 0 . 1 7 6 0 . 0 1 7 0 . 0 1 6 — — — — — — — — — — S5
0 . 2 3 2 0 . 0 4 7 0 . 0 2 0 0 . 2 2 8 0 . 0 1 5 0 . 0 0 9 0 . 2 7 8 — — — — — M
0 . 2 0 5 0 . 0 5 0 0 . 1 1 5 0 . 2 0 5 0 . 0 1 7 0 . 0 5 1 — —— — — — — — — — N?
0 . 2 3 9 0 . 0 4 3 0 . 0 1 9 0 . 2 3 6 0 . 0 1 3 0 . 0 1 0 0 . 2 7  4 N3
0 . 2 0 9 0 .041 0 . 0 0 8 0 . 2 0 8 0 . 0 1 2 0 . 0 0 4 0 . 2 7 8 N4
0 . 5 9 8 0 . 0 3 9 0 . 0 2 0 0 . 5 9 7 0 . 0 1 2 0 . 0 1  1 MIDDLETON Q
0 . 5 3 8 0 . 0 3 7 0 . 0 1 1 0 . 5 3 6 0 . 0 1 1 0 . 0 0 7 — — — — — — — — — — CRAIGPARK 0 ( 1 )
0 . 5 4 2 0 . 0 3  9 0 . 0 2 0 0 . 5 4 2 0 . 0 1 2 0 . 0 1 1 CRAIGPARK 0 ( 2 )
0 . 0 4 9 0 . 0 3 3 SR ERR SOLS
1 4 . 7  82 6 .684 r RATIO
6 . 0 5 0 6 . 0 5 0 6 .0 5 0 REFR VEL
Figure 4.32 Comparison of the time-term solution obtained 
by fixing at 6.05 km s ^, and time-terms
calculated from the ray model (where at
3 km depth is modelled at 6,05 km s 
These results are shown graphically in figure 3.33
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Figure 4.33 Comparison of time-terms across the Hillhouse- 
Broiighton profile.
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be o tfa re d , but th e re  i s  le s s  g e o lo g ic a l evidence to  su p po rt the  arguement 
fo r  s ig n if ic a n t ly  low er surface v e lo c it ie s  in  the area E o f Cloburn quarry 
(a lth o u g h  see 3*2.3*2 & 4.3) compared w ith  the known C arbon ife rous  sequence 
under H il lh o u s e  q u a rry . The a lte r n a t iv e  i s  th a t the basement r e f r a c to r  i s  
deeper in  th is  reg ion ; a view predicted by the downwards e x tra p o la tio n  o f the 
lo c a l  su rfa ce  geology. T h is  apparent c o n tra d ic t io n  between these two 
in te rp re ta t io n s  w i l l  be discussed in  section 4.2.2.4. W hile the v a l id i ty  o f
the r ^  model as an exact so lu tio n  may be dubious, i t  i s  s ig n if ic a n t th a t the 
c a lc u la te d  va lu e s  o fte n  show la rg e  v a r ia t io n s  a t  any g iven  s i t e  thus 
in d ic a t in g  the presence o f la te ra l inhomogeneity in  the ove rly in g  sediments. 
Ih is  i s  in  accordance w ith  what can be deduced from the surface geology and 
a ls o  w ith  the  r e s u lt s  o f a l l  the d i r e c t  wave in te r p r e ta t io n s  ( see 4 .1 .2 /3 ). 
However, the  E2 s tandard  e r ro rs ,  w hich are  a measure o f the  v a r ia t io n  o f 
in d iv id u a l  s i t e  tim e  de lays around i t s  t im e -te rm  va lu e , ra re ly  g ive  such 
la rg e  values in d ic a tin g  th a t the simultaneous equations are o ve rs im p lify in g  
the so lu tio n  in  the a ttem pt to  m inim ise a l l  res idua ls . Ihus in  a reg ion such 
as t h i s  w here th e re  i s  c o n s id e ra b le  la t e r a l  v e lo c i ty  inhom ogeneity in  th e  
sedimentary Igyo^s, the tim e-term  method w i l l  tend to  produce so lu tio n s  which 
are g e o lo g ica lly  erroneous and a lso g ive a fa lse  im pression o f accuracy. In  
th is  la s t  respect, the w e igh ting  fa c to r  increases the i l lu s io n  o f accuracy of 
the s o lu tio n  and so may be q u ite  m isleading. However, in  an area more su ited  
to  tim e-term  ana lys is , the a b i l i t y  to  grade and w eight data could be a usefu l 
a d d itio n .
4.2 .2 Ray-trace modelling
4.2 .2 .1  Procedure
As m entioned  in  4 .1 .2 .3 , c o n s id e ra b le  la t e r a l  v e lo c i ty  and s t r u c tu r a l  
inhomogeneity has been found to  e x is t  across the Hillhouse-Broughton p ro f i le .  
Ihe ra y -tra ce  method w ith  i t s  a b i l i t y  to  model la te ra l changes in  v e lo c ity  as
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w e ll as s truc tu re , has proven to be the most usefu l in te rp re ta t iv e  method, 
and as a re s u lt  has been used fra n  an early  stage in  the data c o lle c tio n  and 
interpretatvue process. The ray-trace  program used during the f i r s t  two years 
o f th is  p ro je c t was a s l ig h t ly  m odified vers ion  of the Cerveny & Psencik 1971 
program, as used by D. Bamford and co-workers on the LISPB p ro jec t. W hile  i t  
was p o s s ib le  to  model v e lo c i ty  v a r ia t io n s  w i t h in  a la y e r  reasonab ly  
s a t i s f a c t o r i l y ,  the use o f in te r fa c e s  was very l im i t e d ,  and so t h is  
constra ined q u ite  severely the number of possib le  s tru c tu ra l in te rp re ta tio n s  
which could be r e a l is t ic ly  achieved a t tha t stage.
However, the  a r r iv a l  in  th e  autumn o f 1 983 o f the  K a rls ru h e  U n iv e rs ity  
v e rs io n  o f the  SEIS81 package (Cerveny & Psencik 1981) gave a co n s id e ra b le  
increase in  the  in te rp re ta t iv e  p o te n tia l of ra y -tra c in g  to  th is  p ro jec t.
The SEIS81 package consists o f two main sections: the SEIS81 ra y -tra c in g  
program w ith  an a tte n d a n t p lo t t in g  program, and th e  programs SYNTPL and 
SE IS PL which would ca lcu la te  and p lo t  the s y n th e t ic  seismograms r e s u lt in g  
from  th e  ray model. Because o f the  methods used to  o b ta in  t h is  d a ta se t and 
the com plexity o f a ty p ic a l q u a rry -b la s t source w avelet secondary a r r iv a ls  
are d i f f i c u l t  to  recognise and co rre la te  between traces, and so the syn th e tic  
seismogram programs were not used as p a rt o f the in te rp re t iv e  proceedure.
The SEIS81 program is  a tw o-po in t ra y -tra c in g  program using the 'shooting ' 
method o f i n i t i a t i n g  a ray. T h is  i s  an i t e r a t iv e  process whereby, f o r  each 
re c e iv e r  s ta t io n  in  tu rn , a t r i a l  ray is  generated u s in g  s p e c if ie d  i n i t i a l  
ray param ete rs and i s  tra ce d  th rough the model back to  the su rfa ce . The 
d iffe re nce  between the  p o s itio n  o f the ray te rm ina tion  a t  the surface and the 
intended re ce ive r p o in t is  ca lcu la ted  and a new i n i t i a l  ray parameter chosen. 
T h is  ray i s  then  tra c e d  th rough  the  model and th e  d if fe re n c e  between th e  
te rm ina tio n  p o in t and the intended re ce ive r measured. Ih is  process continues 
u n t i l  the traced ray term inates a t  the chosen rece ive r po in t (or w ith in  the
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supplied  to lerances). Each rsy is  d e a lt w ith  s im ila r ly .
The other major inprovonent o f the SEISBl program over the e a r lie r  program 
i s  in  i t s  a b i l i t y  to  accep t a w ide  v a r ie ty  o f shapes and c o n f ig u ra t io n s  o f 
c ru s ta l in te r fa c e s ,  thus a llo w in g  much g re a te r re a lis m  to  be b u i l t  in to  a 
c ru s ta l model. M od ifica tions  to  the program have been to  produce an ou tpu t o f 
the f in a l  ve loc ity -range-dep th  m a tr ix  to  a secondary program (RAYVZ, l is t in g  
Appendix 6) w h ich  can then p lo t  t h is  m a tr ix  as e ith e r  an is o m e tr ic  b lo ck  
diagram  or as a sequence o f is o v e lo c ity  l in e s ,  and th e  a d d it io n  o f a 
s u b ro u tin e  to  c a lc u la te  l in e a r  in te r p o la t io n  o f the  v e lo c i ty  m a tr ix  (P. 
Tsumakous, p r iv a te  communication) which can be used in  place o f the standard 
b icu b ic  sp lin e  in te rp o la t io n  fo r  ary la y e r w ith in  the model. This has proved 
use fu l where la rg e  la te ra l v e lo c ity  changes (e ith e r rea l or f ic t ic io u s )  are 
re q u ire d  w i t h in  one la y e r,-  so p rovok in g  i n s t a b i l i t y  from  the b i- c u b ic  
in te rp o la t io n  rou tine .
4.2J2.2 The ray model and surface velocity structure
An i n i t i a l  v e lo c i ty  model was produced fo r  the H illh o u s e  -  B roughton  
p r o f i le  from the methods described in  sections 4.1.2 and 4.1.3, and used as a 
basis fo r  ray m odelling  using the ra y -tra c in g  packages described above. The 
r e s u l t in g  ray model ( f ig u r e  4.34, v e lo c ity  model f ig u re s  3*35,36) c o n firm s  
the e x is te n c e  o f a s u rfa c e  la y e r  w ith  co n s id e ra b le  la t e r a l  as w e l l  as 
v e r t ic a l v a r ia t io n s  in  v e lo c ity  s truc tu re , ove rly ing  a la y e r where l i t t l e ,  i f  
any, la te r a l  inhomogeneity appears to  be present. R ay-tracing was continued 
u n t i l  the computed tra v e l tim es were w ith in  30 ms o f the f ie ld -  data tra ve l 
tim e s . The ray d iagram s are shown in  f ig u re s  4.37 to  4.41 and the  f i t  o f the  
model to  tra v e l tim e picks and f ie ld  seismograms i s  shown in  f ig u re s  4.42 to 
4.50. The o r ig in  and na tu re  o f the extended s i l l - l i k e  body a t  2 km depth 
beneath the  w e s te rn  end o f  the  m o d if ie d  model ( f ig u r e  4.38) a re  d iscussed  
f u r th e r  in  4 .2 .2.3). A l l  computed and f i e l d  t r a v e l tim e  data a re  l i s t e d  in
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Figure 4,35 P-wave velocity structure under the Hillhouse Broughton 
profile as derived from the ray model in Figure 4.34.
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Figure 4.36 Enlargement of Figure 4.35 showing the P-wave velocity 
structure of the upper 5 km of crust.
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Phase St, deviation of picking Residual times for
errors from f ie ld  
(s)
data the ray model
(s)
mean s t. dev, of mean mean st.dev. of mean
as 0.009 0,009 (n=33) - 0,025 0,044 (n^33)
0,007 0,002 ( 11=32)^ -0,009 0,020 ( n=28)2
- 0,007 0.016 (n=27)3
% r 0,010 0,002 (n=13) -0,002 0,021 (n?13)
^0 0,008 0,003 (x¥=30) 0,0002
0.011
0,038
0,020
(n=30)
(n=28)^
0,014 0,010 ( n=14) 0,056 0,081 (n=l4 )
n = number of points
1 -  one large value omitted
2 -  f iv e  residuals, a l l  over - 0 , 080, omitted
3 -  six residuals, a l l  over -0,070, omitted
4 -  two residuals, a l l  over -0,110, omitted
figure 4.51
The magnitude of the mean residual fo r any phase gives the average difference 
in  time between the model and the f ie ld  trave l times for that phase, whereas its  
polarity  describes whether the modelled phase is consistently fast or slow. The 
size of the st,deviation of the mean residual indicates the scatter of residua].s 
about the mean value. This can be usually ascribed to the model being an 
oversim plification of the re a l geological structure,
Negative values of mean residual fo r ary phase show that the modelled values 
are generally slow compared with the f ie ld  trave l time data,
A target threshold residual of 30 ms was used as a comprimise figure between 
the generally lower mean values fo r the s t, deviations on picked f i r s t  a rr iv a ls , 
the lim ited  to ta l amount of data coverage over the survey area, and i ts  uneven 
distribution .
With the exeption of the a^  phase, a l l  the st, deviations from the mean of 
residuals are w ith in  this l im it .  A fter removing a few points, particu larly  on 
the a^ phase, where provable or inferable anomalous geology exists locally  
beneath the recording sites (see section 4 ,1 ,2 ,2 ) , the mean residuals become 
s t i l l  lower.
The ideal model f i t  would have a l l  the mean residuals equal to zero and a l l  
the S t .  deviations around the mean residuals equal to , or less than, the sums 
of the mean and st, deviations of the mean errors on the picked f ie ld  data fo r  
each phase. While th is is  not true for the ray model presented here, a clear 
overlap exists between modelled and f ie ld  trave l times showing that th is model 
is a s ta t is t ic a lly  meaningful solution to the Hillhouse -  Broughton p ro file  
dataset.
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Appendix 5. ihe  standard deuiottotAs of the model fo r various a r r iv a l phases are
Ihe apparent v e lo c ity  data from C ra ig ie  quarry is  inc luded as i t  provides 
an extra  check on the s truc tu re  under the Lesmahagow In i  1er. _
As d iscussed  in  4 .1 .5 , the  C arb on ife rous  and Upper O ld Red Sandstone 
sequences as sampled in  the western section o f the p ro f i le  have d is t in c t ly  
lo w e r  v e lo c i t ie s  compared w ith  the Lower Old Red Sandstone and S i lu r ia n  
sequencies fu r th e r  east. This agrees w e ll w ith  the re s u lts  o f s im ila r  work 
over the  C a rbon ife rous  o f  the  C en tra l C o a lf ie ld  (S o la  1 985; So la  & P ow e ll 
1983) and o f North Ayrsh ire  (McLean & Deegan 1978; H a ll 1971; 1974).
The v e lo c i t ie s  o b ta in e d  over the  Lower Old Red Sandstone sequence to  the  
west o f the D istinkhorn  complex, and which inc ludes a n d e s itic  lavas which are 
o ften  weathered, are con s is ten tly  Icwer by 0.5 km s"^ than equ iva len t rocks 
fu r th e r  E. This may re la te  to  the absence o f ary f e l s i t i c  in tru s iv e  s u ite  in  
t h is  re g io n . A lso , v e lo c i t ie s  over the  Lower O ld Red Sandstone sequence 
exposed to  the E o f d o  burn are s l ig h t ly  low e r (0.1 -  0.2 km s” **) in  the top  
1 km than those found ac ro ss  th e  Lesmahagow I n l ie r .  A th ic k  sequence o f 
d o m in a n tly  a n d e s it ic  la v a s  i s  p re d ic te d  in  the area E o f C loburn q u a rry  
(Mykura I9 6 0 ), and where seen a t  the  su rfa ce , they appear unweathered. In  
a d d it io n  these la v a s  have been used e x te n s iv e ly  lo c a l ly  as a b u ild in g
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m a te r ia l ,  aga in  im p ly in g  unweathered rock . From t h is  i t  i s  concluded th a t  
t y p ic a l  Lower Old Red Sandstone sed im ent v e lo c i t ie s  are p robab ly  b e s t 
represented west o f D istinkhorn, g iv in g  v e lo c it ie s  which are low er than the 
contemporaneous la v a s  e a s t o f C loburn q u a rry . The h ig h  near s u rfa c e  
v e lo c i t ie s  around Lesmahagow must then  be due to  a la rg e  volum e o f m ino r, 
a c id ic  in tru s io n s  occuring throughout th is  area. I t  i s  then proposed th a t the 
two la rg e  re fra c t in g  bodies between 27 and 60 km from H illhouse quarry are 
due to  la rg e r  in tru s io n s  of the same su ite .
D if fe re n c e s  in  su rfa ce  v e lo c i ty  between th e  S i lu r ia n  and Lower O ld Red 
Sandstone sediments around Lesmahagow are probably due to  the d iffe re nces  in  
l i t h o l o g y  as w e l l  as c o m p a c tio n  h is t o r y .  The S i lu r i a n  sequence i s  
p re d o m in a n tly  a m ix tu re  o f sandstones, s i l t  s tones and sha les, whereas the 
Lower O ld Red Sandstone i s  a lm o s t e n t i r e ly  com prised o f arenaceous 
sandstones. Much o f the s c a t te r  o f a r r iv a l  tim e s  in  the c lose  sho ts  around 
the LES array can be a ttr ib u te d  to  th is  (as w e ll as the probable presence of 
lo c a l f  e l s i te  bodies in  the south o f the in l ie r ) .  The d iffe rences  in  v e lo c ity  
g rad ien t can then be explained by the d if fe re n t crack spectra characters o f 
these two s tra t ig ra h ic  groups. A l i th o lo g ic a l  sequence w ith  a high aggregate 
p ro p o r t io n  o f sheet s i l i c a t e  m in e ra ls , as found in  s i l  ts to n e s  and sha les , 
w i l l  conta in  a greater p roportion  o f f l a t  and e ll ip s o id a l cracks. These w i l l  
close more ra p id ly  w ith  increasing  co n fin in g  pressure than the round pores 
w h ich  are p re v a le n t in  sandstones. The Lower Old Red Sandstone sequence 
c o n ta in s  a ve ry  h igh  p ro p o r t io n  o f sandstones, so i t  i s  lo g ic a l  to  expect a 
h ig h e r p ro p o r t io n  o f round pores to  be p resen t and th e re fo re  the  v e lo c i ty  
g rad ien t should be low er. This would appear to  be supported by the f ie ld  V -  
Z evidence.
As described above, f e l s i t i c  in tru s io n s  are p r o l i f i c  in  the reg ion to  the 
east o f the D istinkhorn  complex and appear to  be around 20 Ma o lder than i t
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(390 -  6 Ma, U -  Pb f  rom z irc o n s ; Pidgeon & A f ta l io n  1 978), and so need n o t 
be re la te d  to  the same magma generating episode. The existence o f genera lly 
h i ^ e r  sedimentary rock v e lo c it ie s  in  th is  area, as w e ll as several d is c re te  
zones o f h igh  v e lo c ity  w ith in  the sedimentary la ye r, p o in t to  a re g io n a lly  
extensive and lo c a l ly  voluminous a c id ic  in t ru s iv e  s u ite  emplaced a t  the end 
of the S ilu r ia n .
A lthough  n o t a d is t in c t  ta rg e t  fo r  in v e s t ig a t io n  in  t h is  p ro je c t ,  the  
D is tinkhorn  g ra no d io rite  is  in fe rre d  to  conceal a much h igher v e lo c ity  roo t. 
Th is when combined w ith  the coincidence of a Bouguer g ra v ity  high of 4 mgals 
and an aerom agnetic  h igh  o f  200 nT, tends to  suggest the presence o f an 
igneous body o f in te rm e d ia te  to  b a s ic  co m p o s itio n  w h ich  appears to  be 
s l ig h t ly  more extensive a t depth than the outcropping g ranod io rite . The base 
o f  the  in t r u s io n  cannot be w e l l  d e fin e d  from  th is  survey, but th e  apparent 
base on the ray model i s  most l ik e ly  to  represent sideswipe from the northern  
f la n k  o f a body deepening to  the south.
A t the western end o f the p ro f i le ,  the Carboniferous sequence is  exactly  as 
p re d ic te d  fro m  lo c a l  g ra v ity  surveys by McLean (1966). H is  problem  w ith  
matching the  magnitude of the long wavelength Bouguer anomaly over the reg ion 
to  the n o rth  o f the In c h g o tr ic k  f a u l t  and i t s  g ra d ie n t a t  the  f a u l t  edge to  
the knoun or im m ediately p re d ic ta b le  sub-surface geology, may be explained ty  
the presence o f the h igh  v e lo c ity  re fra c to r  a t  around 2 km depth representing  
an in t ru s iv e  (presumably basic) in tru s iv e  body. However, no d e ta ile d  g ra v ity  
m o d e llin g  has been a tte m p te d  to  co n firm  th is  the o ry . The absence o f da ta  
received from th is  re fra c to r  in  other d ire c tio n s  precludes m odelling  o f ary 
e laborate s tru c tu re  on th is  body.
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4.2.2.3 T h in  la y e rs
In  t h i s  ray model, the  th ic k n e s s  o f  the  th re e  s i l l - l i k e  bodies have been 
assumed to  be p u re ly  fu n c t io n s  o f the r e f r a c t in g  v e lo c i ty  and a delay 
re q u ire m e n t d ic ta te d  by the  re s t  o f  the  data. However, th e o re t ic a l 
co n s tra in ts  on the transm ission of re fra c te d  waves th ro u ^  th in  layons must 
be taken in to  consideration in  any model where th in  la y e rs  are suspected to  
be present.
S yn the tic  m a te ria ls  studies (Poley & Nooteboom 1966) have shown th a t the 
transm ission o f re fra c te d  a r r iv a ls  through a th in , h ig h -v e lo c ity  medium is  
poss ib le  w ith o u t a s ig n if ic a n t reduction  in  the apparent a r r iv a l v e lo c ity , or 
increase in  a ttenua tion , u n t i l  the la y e r th ickness/wavelength (d/1) r a t io  i s  
le s s  than  0.5 ( f ig u r e  4.52). T h e re a fte r, w ith  decreas ing  d /1 , tra n s m is s io n  
e f fe c ts  in v o lv in g  energy in te r a c t io n s  w ith  the su rro u n d in g  lo w - v e lo c i ty  
medium re s u lt  in  non -linea r behaviour o f the apparent a r r iv a l v e lo c ity  and 
a tte n u a t io n  va lue s . Th is , the  l i m i t  o f  ’ norm al' tra n s m is s io n  o f re f ra c te d  
energy in  a th in  la y e r ,  occurs a t  the  th re s h o ld  o f  v e r t ic a l  r e s o lu t io n  fo r  
seism ic re f le c t io n  recording.
In  the ray model shown, a l l  th ree  bodies are approximately 1 wavelength in  
th ickness ( ie  d /1  = 1) a t  which p o in t the apparent re fra c to r  v e lo c ity  should 
be 99% o f  the  tru e  r e f r a c to r  v e lo c i ty  ( f ig u r e  4 .52). W ith  each body the  
low est possib le  re fra c to r  v e lo c ity  and sim plest s truc tu re  compatible w ith  a l l  
the  data was assumed. Surface g e o lo g ic a l s t ru c tu re  was a lso  used as a 
c o n s t ra in t  on the p o s s ib le  o p tio n s . As a r e s u lt ,  the D undu ff ' s i l l '  i s  
modelled w ith  a s im ila r  d ip  (5^) to  th a t seen a t  the surface, although th is  
i s  probably le s s  than the d ip  found a t depth closer to  CLoburn quarry, where 
the surface s tra ta  are d ipp ing more steeply.
The H illh o u s e  ' s i l l '  was o r ig in a l ly  cons idered  as a s u b -h o r iz o n ta l body 
te rm in a tin g  a t  the northern margin o f the Inchgo t r ic k  f a u l t  (IGF). However, 
from the rsym ode lling  exercise, the con tinua tion  o f the re fra c to r  fu r th e r  E
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than p re d ic te d  le a d s  to  one o f two c o n c lu s io n s ; e i th e r  th a t  t h is  body 
co n tin u e s  ac ross  the f a u l t  -  w h ich  c o n s id e r in g  th a t  t h is  f a u l t  c o n tro lle d  
sedim entation th ro u ^ o u t much o f the Carboniferous, and th a t a l l  the exposed 
basic s i l l s  in  th is  reg ion were in truded  during Carboniferous times, would 
appear u n lik e ly ; o r th a t the shallow angle w ith  which the p r o f i le  crosses the 
f a u l t  has re su lte d  in  sideswipe from the north  and westwards con tinua tion  o f 
the  s i l l .  S im p le  c a lc u la t io n s  from  the  B.C.S. 1 inch  G e o lo g ica l map o f 
A y rs h ire  p re d ic t  pseudo-depths produced by s ide sw ipe  th a t  f i t  t h is  model 
remarkably w e ll. From th is  i t  i s  concluded th a t the second a lte rn a tiv e  is  the 
more l ik e ly .
This hypothesis was tested  by p lac ing  two record ing s ite s  o f f - l in e  to  the S 
o f the p r o f i le ,  in  the the M a u ch line B asin , so th a t the  ra y -p a th s  should be 
as f a r  as p o s s ib le  separa te  from  the  body to  the  N o f the  f a u l t .  F ig u re s  
4.42,43 show both po in ts  a t  ranges o f aromd 14 km from H illhouse  quarry and 
delayed r e la t iv e  to  equ iva len t po in ts  on the p ro f i le  by about 100 ms. Ih e ir  
tra v e l- t im e s  in d ic a te  ray-paths th rough  a sed im entary sequence s im i la r  to  
th a t inder the p ro f i le ,  but w ith o u t a high v e lo c ity  laye r, and provide some 
co n firm a tio n  th a t the H illhouse  ’ s i l l ’ is  confined to the nothern side of the 
IGF.
The Lesmahagow I n l i e r  ’ s i l l ’ occurs in  an area w h ich  from  the  su rface  
gedogy and the v e lo c ity  evidence presented in  4.2.2.1, must conta in a la rg e  
vdum e o f m ain ly th in , la te r a l ly  discontinuous f d s i t i c  s i l l s .  There are two 
p o s s ib le  a lte r n a t iv e s  fo r  e x p la in in g  the na tu re  o f t h is  r e f r a c t in g  body: 
e ith e r  th a t i t  represents a s ing le  la rge  in tru s io n , or th a t i t  represents a 
d is c re te  zone w ith  a very h i ^  percentage of th in  s i l l s ,  g iv in g  a zone g iv in g  
a zone which se ism ica lly  appears as a s in ^ e  body.
The second a l te r n a t iv e  bears the g re a te r s im i la r i t y  w ith  the s u rfa c e  
geology, but g e o lo g ic a ly , they a re  both to le ra b le .  In  th e  ray model, the
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w e s te rn  m arg in  o f the body i s  shown as be ing  c o in c id e n t w ith  the e a s te rn  
margin o f the D is tinkhorn  complex. This i s  a m odelling  a r t i f a c t  and need no t 
necessarily  im ply geolog ica l contact or p e tro lo g ica l equivalence,
4.2.2.4 Basement (bq) refractor
The p o s it io n  o f th is  re fra c to r  in  the model is  broadly s im ila r  to  th a t o f 
the aQ r e f r a c to r  de fine d  by LIS  PB to  the N and S o f Edinburgh. Bam ford and 
co -w o rke rs  based t h e i r  v e lo c i ty  d e te rm in a tio n  on p i us-m inus a n a ly s is  o f  
segments o f coverage between shots 1 & E and E & 2 (see f ig u re  1.14 fo r  LIS PB 
sho t lo c a t io n s ) ,  g iv in g  v e lo c i t ie s  o f  5.93 ± 0.03 km s"** and 5.84 ± 0.02 
km s"^ re sp ec tive ly . The evidence presented in  the preceding sections o f th is  
ch a p te r suggest th a t  the  ag r e f r a c to r  in  th e  sou thern  M id land V a lle y  has a 
v e lo c i ty  o f  6.05 -  0.05 km s” **, where the s tandard  e r ro r  i s  a sem i- 
q u a l i ta t iv e  estim ate  o f the amount o f to le ra b le  variance in  v e lo c ity  before 
the model would cease to  f i t  w ith  the f ie ld  data. The v e lo c ity  gradient used 
in  the ray m odelling  process was i n i t i a l l y  derived from the ty p ic a l g rad ien ts  
measured from  u lt r a s o n ic  te s ts  us in g  gneissose cores. T h is  was used as a 
basis fo r  the i te r a t iv e  ray m odelling, and requ ired  m inim al m o d ifica tio n  to  
g ive the f in a l  rgy model.
Th is P-wave v e lo c ity  is  s l ig h t ly  higher than th a t determined between shots 
1 & E (see f ig u r e  4.53), b u t more s ig n i f i c a n t ly ,  i t  i s  h ig h e r than the  va lu e  
o b ta in e d  between sho ts  E & 2, w hich g iven  th e  doubts expressed on t h is  
i n t e r p r e t a t io n  ( H a l l  e t  a l  1 983) m ust now be re g a rd e d  as an o v e r­
s im p lif ic a t io n  o f the true  s tru c tu re  in  the area to  the S o f Edinburgh.
From f ig u r e  4.34 i t  i s  c le a r  th a t  the s tru c tu re  o f the aQ basement 
re fra c to r  presented here i s  a much smoother s tru c tu re  than m ight have been 
expected  from  the downwards e x tra p o la t io n  o f the su rfa ce  geology ( c f  
geolog ica l section, fig u re  3.2). There are a number o f possib le  explanations 
fo r  th is .  F i r s t l y  the na tu re  o f the p ro pa g a tion , and the  m o d e llin g  o f the
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propagation o f seism ic headway es w i l l  tend to  average any complex s tru c tu re  
present in  an area, so aqy model produced by ra y -tra c in g  in  p a r t ic u la r  w i l l  
be in v a r ia b ly  a anoothed representa tion  o f the actual s truc tu re . The use of 
a m p litu d e s  and secondary a r r iv a ls  o fte n  can p ro v id e  an im provem ent in  the  
accuracy o f the  model. However as de scrib e d  in  s e c tio n  3 .3 , these w ere no t 
a p p licab le  to  th is  dataset due to the canp lex ity  of the source pulse produced 
by the quarry b lasts.
The second p o s s ib le  e x p la n a tio n  fo r  the  smooth n a tu re  o f the  basement 
r e f r a c to r  i s  th a t  the su rfa ce  geology bears l i t t l e  r e la t io n  to  the deeper 
s truc tu re . This then produces problems in  the geolog ica l in te rp re ta t io n  which 
w i l l  be dicussed la te r ,
A q u a i i t a t iv e  e s tim a te  o f the  a llo w  a b le  v e r t ic a l  range o f depths to  th e  
re fra c to r  along the p ro f i le  has been made by considering the ranges o f tra v e l 
tim e values poss ib le  w ith in  each tra v e l- t im e  standard e rro r.
The area to  the E o f C loburn q u a rry  tow ards the BTN a rray  is  covered by 
both downgoing and upcoming rays from Qoburn quarry, and upcoming rays only 
from  D undu ff q u a rry . The change in  depth to  produce a 10 ms change in  the  
re fra c to r  a r r iv a l tim es i s  -no m. 10 ms i s  a lso the average standard e rro r in  
the f i e ld  data a r r iv a l- t im e s  in  th is  area although a fu r th e r  5 ms should be 
added to  cover tim in g  incons is tenc ies  re s u lt in g  from repeated measurements. 
Thus around m o  m i s  the maximum a llow ab le  re la t iv e  v e r t ic a l movement across 
the SUE before  a s ig n if ic a n t change is  produced in  the a r r iv a l tim es in  th is  
area.
The re g io n  between 30 -  50 km from  H i l l  house q u a rry , and u n d e r ly in g  th e  
Lesmahagow I n l ie r  and p a rt o f the Lower Old Red Sandstone outcrop fu r th e r  E 
has a reversed coverage o f ray-paths from H i l l  house and C a irng ry ffe -Q o bu rn  
qua rrie s , although complicated by the presence o f the d isc re te , h ig h -v e lo c ity  
bod ies in  th e  su rfa ce , sed im enta ry la y e r . The s tandard  e r ro rs  in  th e  
re fra c to r  a r r iv a ls  in  th is  reg ion  are co n s is ten tly  le ss  than 10 ms (Appendix
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3), so th a t a llc w in g  fo r  the genera lly h i^ e r  sedimentary v e lo c it ie s  and an 
a d d i t io n a l  5 ms p o te n t ia l e r ro r  due to  repea ted  measurements from  these 
q ua rries , the a llow ab le  range o f re la t iv e  v e r t ic a l movement on the re fra c to r  
i s  again around -HO m.
The area o f the re fra c to r  between 50 -  60 km, under the Carmichael I n l ie r  
and to  the  N and W o f the C arm ichael f a u l t  (CF), i s  c o n s tra in e d  on ly  by 
w estw ard , downgoing ra ys  from  C a irn g ry f fe  q u a rry . A r is e  o f 1 km in  th e  
r e f r a c to r  to  the N and W o f the CF w ou ld  produce an a c c e le ra t io n  in  the 
re fra c to r  tra v e l- t im e s  received in  the E over the Lesmahagow In l ie r  o f 
ms. As discussed above, the model under the Lesmahagow In l ie r  can be regarded 
as a reasonab le  f i t  to  the  f i e l d  data, and so an a d d it io n a l ~90 ms 
a cce le ra tio n  would provide a s ig n if ic a n t discrepancy between the f ie ld  data 
and t h i s  model. However, u n t i l  the  segment o f  the  p r o f i le  between th e  
C arm ichael I n l i e r  and the BTN a rra y  i s  reve rse d , the re  cannot be any 
q u a n t ita t iv e  statement on the amount o f v e r t ic a l throw across the CF,
Comparison o f the ray model w ith  one produced from  the downwards 
e x tra p o la tio n  o f the surface geology (assuming no s ig n if ic a n t extra  th ickness 
o f S i lu r ia n  s t r a ta )  shows a number o f s im i l a r i t ie s  as w e l l  as d if fe re n c e s  
( f ig u re  4,54), The average depth to  basement i s  s im ila r , a t around 3 km, but 
a number o f fe a tu re s  p red ic ted  from the geolog ica l model do not shew on the 
ray model. For example, th e re  i s  no evidence fo r  a s t r u c tu r a l  h igh  in  th e  
basement under the Lesmahagow In l ie r ,  nor under the northwestern side o f the 
CF, Also the SU F does not appear to  produce any seism ic d is c o n tin u ity  in  the 
basement. This predicted geolog ica l model was ray traced from the same sources 
in t o  th e  same re c e iv e rs  as th e  model in  f ig u r e  4,34, so as to  compare these 
c a lc u la te d  t r a v e l- t im e s  w ith  the  f i e l d  data. The ray d iagram  i s  shown in  
f ig u re  4.55 and the tra v e l- t im e  comparison in  f ig u re  4,56. Ihe v e lo c ity  model 
i s  i l l u s t r a t e d  in  f ig u r e s  4.57,58. The more complex r e f r a c to r  s t ru c tu re
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creates geom etrical problems which have prevented the successful transm ission 
o f most o f the re fra c te d  rays, but these successful re fra c te d  a r r iv a ls  do not 
f i t  the f i e ld  data as w e ll as those from the o r ig in a l ray model.
Comparing the shape o f the p re d ic te d  g e o lo g ic a l basement in te r fa c e  in  
f ig u r e  4.53 w ith  the  r e s u lts  o f  the  tim e -te rm  a n a ly s is  a long  th e  p r o f i le  
( f ig u r e  4.33), does n o t show the expected c o r re la t io n  between the group o f 
la rg e  t im e - te rm  va lue s  a t  between 60 -  70 km range on f ig u r e  4.33 and th e  
deeper basement area between the Carm ichael and S outhern Uplands f a u l t s  
( f ig u re  4.54). For th is  c o rre la tio n  to  be tenable, the tim e-te rm s between 45 
and 60 km should have s im ila r ly  la rg e  values, since the predicted basement in  
th a t  re g io n  i s  b road ly  h o r iz o n ta l a t a depth o f around 4 km. From f ig u r e  
4.33; i t  i s  o b v ious  th a t  t h is  i s  n o t the case as these t im e -te rm s  in c re a s e  
from 0.1 -  0.4 sec between 501and 60 km. -   ~ —
As both  the  ray model ( f ig u r e  4.34) and th e  p re d ic te d  g e o lo g ic a l model 
( f ig u re  4.54) im ply a near planar re fra c t in g  surface in  th is  region, the jump 
in  tim e -te rm s does not f i t  e ith e r model. The reduction  in  surface v e lo c ity  E 
across the Carmichael fa u l t  (see 4.2.2.2) would produce an a d d itio n a l d e l^  
o f no more than  ^ a ^ c J -o r o f  -tc^es  le s s  than  th e  observed
d if fe re n c e . Two o f these p o in ts , a t  65 and 69 km, are s i te s  connected in to  
the  system o f simultaneous equations only by connection to  Dun d u ff quarry and 
one connection to  Craigpark quarry, near Edinburgh. Both of the a r r iv a ls  from 
Dun d u f f  q u a rry  can be shown from  th e  ray diagram ( f ig u r e  4.39) to  have 
tra v e lle d  through the Dunduff ’ s i l l ’ , re s u lt in g  in  an increased path leng th  
th ro u ^  the surface laye r. As a re s u lt, these po in ts  are s i ewer than expected 
on the  t im e -d is ta n c e  s e c tio n s  (eg f ig u r e  4.44). A lthough  th is  delay is  
co n ce n tra te d  under the  shot, th e  o th e r a r r iv a l  a t q u a r r y  s i t e  (from  
C a irn g ry f fe  q u a rry )  does n o t pass th rough  the  h ig h  v e lo c i ty  la y e r .  As a 
re s u lt ,  the quarry del ay w i l l  be reduced, fo rc in g  the excess res idua l delay 
in to  the  two re c e iv e r  s ite s .  B e ing  from  a p e r ip h e ra l source, the a r r iv a ls
212
from Craigpark quarry would no t s ig n if ic a n t ly  in fluence th is  d is t r ib u t io n  of 
delays.
Thus, i t  appears th a t these ancxnalously la rge  delays can be explained as an 
a r t i f a c t  o f the o p e ra tio n  o f the s im u ltaneo us  equa tions. Th is does no t 
im m ediate ly exp la in  the equally la rge  delay value under C a irng ry ffe -Q obu rn  
q u a rrie s .
Bearing in  mind the q u a lif ic a t io n s  mentioned e a r lie r ,  i t  appears th a t the 
basement r e f r a c to r  s t ru c tu re  i s  n o t r ig o ro u s ly  c o n tro lle d  by s u rfa c e  
geo log ica l s tru c tu re s  but is  to  some extent independent. One consequence of 
t h is  i s  th a t  the  th ickn e sse s  o f the  Lower P a laeozo ic  sed im ents, as seen 
a c ross  th e  p r o f i le ,  cannot be c o n s ta n t; a g re a te r  th ic k n e s s  o f these 
sediments must be present under the Lesmahagow and Carmichael In l ie r s  than 
elsewhere in  the p r o f i la  This hypothesis can be tes ted  by the comparison o f 
tim e-te rm s measured across the LES array, w ith  a geolog ica l section  across 
the i n l i e r  showing the  pred icted v a r ia t io n  in  depth o f the known base o f the 
sedimentary sequence in  th is  area. F igure 4.60 is  a combination p lo t o f the 
e s tim a te d  g e o lo g ic a l s e c tio n  acro ss  th e  Lesmahagow I n l i e r  in  a NW -  SE 
o r ie n ta tio n  ( p ro f i le  lo c a tio n  on f ig u re  4.59). Alongside, but p lo tte d  w ith  a 
tim e -a x is  in  place o f depth-axis, are tim e-te rm s from the two major datasets 
described in  section  4.2.1.2. Ihe H illhouse  -  Broughton p ro f i le  crosses the 
section  near the northwestern margin o f the in l ie r ,  and the modelled depth to  
the aQ r e f r a c to r ,  3.1 km, p ro v id e s  a common base f o r  both  g e o lo g ic a l and 
tim e-te rm  sections. Ihe  tim e-te rm s have not been depth-converted but are only 
used to  h ig h l ig h t  the a b so lu te  d if fe re n c e s  in  va lu es  between the  two 
datasets. However, as no s ig n if ic a n t la te ra l changes in  the surface la y e r V-Z 
p ro f i le  are expected (eg the absence la te r a l ly  of the 0.7 km th ic k  Lesmahagow 
’ s i l l ’ would add only 15 ms on to  any tim e-term  va lue), the tim e-te rm s g ive 
an accurate represen ta tion  of the v a r ia t io n  in  depth to  the re fra c to r  across
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F ig u re  4 ^ 0  S ketch  g e o lo g ic a l s e c tio n  w ith  tim e -te rm s  from  two sample 
d a ta s e ts  fo r  s ite s  on or c lose to  th e  l in e  o f  s e c t io n .  
L o catio n s  a re  shown on f ig u re  4 . 5 9 .
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the reg iona l s tr ik e , and which can in  tu rn  be compared to  true  depths by the 
in te rs e c t io n  w ith  the H illhouse  -  Broughton p ro f ile .
I t  i s  obvious fra n  f ig u re  4,60 the the tim e-te rm s do no t r is e  towards the 
Kerse Loch fa u l t ,  im p ly ing  th a t the ag re fra c to r  m ain ta ins a constant average 
depth i r r e s p e c t iv e  o f the  su rface  g e o lo g ic a l s truc tu re . Further geolog ica l 
im p lic a t io n s  o f th is  in te r  prêta ta t i  on w i l l  be explored in  la te r  sections,
4,2.2.5 Deep structure
The on ly  data from  the  H illh o u s e  -  Broughton p r o f i le  w h ich  can be 
a ttr ib u te d  to  energy propagating along a deeper re fra c t in g  in te rfa c e  than the 
3q basement are found on the l in e  recorded eastwards fra n  H illhouse quarry. 
A r r iv a ls  recorded from  H illhouse  quarry in to  the BIN array (E l- Is a  1977) show 
an apparent v e lo c ity  o f 7.64 i  0.27 km s” ** a t ranges o f between 74 and 80 km.
During th is  p ro je c t, i t  was hoped th a t a d d itio n a l data could be recorded to
f i l l  in  the  gap up to  74 km and so re la te  th is  high apparent v e lo c ity  to  the 
known upper c ru s ta l s tru c tu re  o f t h is  area. Out o f the te n  re c o rd in g  s i te s  
p laced  between 50 and 70 km, on ly  f iv e  gave any in fo rm a t io n  and fo u r  
were success fu lly  d ig it is e d .
The LISPB and LOW NET s tu d ie s  both  show a c le a r ly  d e fin e d  a^ r e f r a c to r  in  
the Midland V a l l ^  w ith  a v e lo c ity  o f aromd 6.4 km s"^ and w ith  a crossover 
p o in t a t  around 50 km. An in f le x io n  in  the H illhouse East tra v e l tim e curve 
can be seen a t  50 km w ith  an apparently short segment o f v e lo c ity  6.4 km s”  ^
con tinu ing  to  between 60 and 65 km. Then faLlcw several 's low ' po in ts, some 
o f which are p a rt o f the BIN dataset, and which appear to  de fine  the s ta r t  o f
an approxim ately 7.0 km s”  ^ segment. Ih is  s o rt o f com plexity is  not seen on
the LISPB or LCWNET datasets.
The evidence o f these p re v io u s  s tu d ie s  suggests th a t  the  a  ^ r e f r a c to r  
occurs re la t iv e ly  un ifo rm ly  a t  a depth o f aromd 7 km throughout the Midland 
V a lley . Because o f the l im ite d  and single-ended nature o f the a va ila b le  data.
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i t  was f e l t  th a t  t h is  p r e -e x is t in g  model should be used as a b a s is  f o r  a 
r e la t iv e  study o f s tru c tu re . The r e s u lta n t  ray model ( f ig u r e  4.34) shows a 
ramp o f 2^ in  the re fra c to r  extending from the western end o f the p ro f i le  
( a t  6 km depth) to  a p o in t  a t  abou t 54 km (8 km depth ), a f te r  w h ich  the  
re fra c to r  r is e s  steeply (a t around 6°) to  reach a depth o f 5 km under the BIN 
a rra y . T h is  model does n o t co m p le te ly  f i t  a l l  the  a v a ila b le  da ta , in  
p a r t ic u la r  the slow po in ts  around 68 km, but i t  does represent the s im plest 
l ik e ly  exp lanation  to  th is  seism ic data.
4.2.3.1 Apparent velocity interpretation
As mentioned in  2.2.1, the problems encountered w ith  the Geo s to re  equipment 
r e l i a b i l i t y  and maintainence re su lted  in  a reasonable number o f good q u a lity  
but un tim ed  even ts  be ing  reco rded  by the  LES a rra y . In  a d d it io n , the  data 
obta ined from the BIN array also contained many s im ila r  events, and i t  was 
f e l t  th a t  these should be used as f a r  as p o s s ib le  to  extend re g io n a lly  the  
model obta ined from ra y -tra c in g  and the tim e-term  analys is. Untimed events 
w ere  lo c a te d , where necessary, by program BJARRY (a m o d if ie d  and extended 
vers ion  o f a program o r ig in a l ly  w r it te n  by B. Jacob, l i s t in g  Appendix 6). Ihe 
d a ta s e t used f o r  t h is  study com prises a l l  tim ed  and d e te c te d  even ts  in  
Appendix 4 w ith  ranges o f between 15 and 55 km from e ith e r  array. P lo ts  o f P- 
wave apparen t v e lo c ity -a z im u th  and apparen t v e lo c ity - ra n g e  a re  shown in  
f ig u re s  4.61,62 (S-waves; f ig u re  4.63), and a map of the a rea l d is t r ib u t io n  
o f sources and apparent v e lo c it ie s  i s  shown in  f ig u re  4.64.
For the purpose o f t h is  s tudy, i t  was assumed th a t  the  v e lo c ity -d e p th  
s tru c tu re  to  the re fra c to r  and the depth to  the re fra c to r  were a l l  known fo r  
some reference p o in t in  each a rray  (the crossover po in t), th a t the re fra c to r  
v e lo c i ty  was known and co n s ta n t over the  w ho le  re g io n  o f in te r e s t  -  
assumptions considered reasonable in  the l ig h t  o f the conclusions of sections
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F ig u re  4 . 6 4  Summary o f  the  apparen t v e lo c i ty  data  used to  b u i ld  up 
F ig u re  4 . 0  The le n g th  o f  each arrow  is  p ro p o rt io n a l  
to  i t s  P-wave apparent v e lo c i t y .  The MA.V IS  (so u th ) p r o f i le  
is  denoted by the l in e  X-X* •
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4 .2 .1 .2  and 4 .2 .2 .5 , Thus th e  apparent v e lo c i ty  a t  any azim uth  must be 
d ire c t ly  re la te d  to  the average angle o f d ip  on the re fra c to r  fra n  th a t range 
as :
n-1o < =  s in -1  (Vg /Vapp) -  s in " ! (V g /V ,)app
where Vq = the surface la y e r v e lo c ity  a t  the array 
= the true  re fra c to r  v e lo c ity  
Vgpp = the apparent re fra c to r  v e lo c ity  received a t  the 
array
Where more than one event has been re c e iv e d  a t  s im i la r  az im u ths  but 
d i f f e r e n t  ranges to  the same a rra y , i t  has been assumed th a t each apparen t 
v e lo c i ty  re p re s e n ts  a s e r ie s  o f  ra yp a ths  w h ich  re p re s e n t th e  s h o r te s t 
d is ta n c e s  th rough  the r e f r a c t in g  la y e r  and do n o t n e c e s s a r ily  fo l lo w  the
r e f r a c to r  in te rfa ce . Cxyt^s'truc.Lioi/x 13 <scoL fye.it?L^.
Source
B
R eceiver a rra y  
R
Y
\
\
v e lo c i t y  
s tru c tu re  
assumed 
s im ila r  to  
R
ang le  determ ined from  
assumed v e lo c ity  s tru c tu re
oc determ ined from
app aren t v e lo c ity
Îj  !  known 
/  /  v e lo c ity  s tru c tu re  
(i/o )
ic —s ^ re fra c to r a t  
known depth
p o in t determ ined from  in te r s e c t io n  
o f ra y  from  k  w ith  re f ra c te d  ra y  
hack -  p ro je c te d  from  R
shape o f r e f r a c t o r  to  ' f i t '  even ts  from  
A & B re c e iv e d  a t  R
4.2.3.2 Use of the apparent velocity dataset
The above techn ique  was a p p lie d  to  the  se ts  o f  apparent v e lo c i ty  data 
o b ta in e d  from  the LES and BTN a rra y s  and combined w ith  p re -e x is t in g  data 
c o m p ris in g  th e  ray model de scrib e d  in  4.2 .2 .2 , the  p re lim in a ry  ray models 
from  data o b ta in e d  around the  B a thga te  area (Davidson e t a l 1984; Sola &
222
Powedl 1983), and selected preliminary depth values from the MAVIS South line 
(J, Hall, private conm uni cation), to build up a semi-quantitative view of the 
basement refractor topography of a part of the southern and central Midland 
Valley. While recognising that the use of the apparent velocity data in this 
way represents an extrapolation away fran known and fixed depth points which 
probably will be only valid for as long as it takes to collect and interpret 
new, timed data in the surrounding regions, any new interpretation must still 
satisfy all existing data and so will be constrained to some extent by it. 
Thus the map presented in figure 4.65 is in essence correct, although suspect 
in detail, and will serve as a basis for further interpretations.
The most s t r i k in g  o o s e rv a tio n  i s  th a t  a la rg e  p ro p o r t io n  o f the  area 
covered by these data is  con s is ten tly  a t  re la t iv e ly  shallow depth: the 3.5 km 
depth contour covers a la rg e  area o f the-C entra l and Southern Midland V a lley  
and in c lu d e s  the southern  p a r t  o f the C en tra l C o a lf ie ld .  The re g io n  o f  
predominantly Lcwer Palaeozoic rocks in  the southern Midland V a ll^ r  is , as 
expected  from  the  in t e r  p rê tâ t  a i on o f the H illh o u s e  -  Broughton p r o f i le ,  a 
zone w ith  c o n s is te n t ly  sha llow  basement and w h ich  appears to  con tinu e  
s h a llo w in g  ac ro ss  in to  the S outhern Uplands. On the b a s is  o f two q u a rry  
sources from  w i t h in  th e  Southern Uplands, these co n to u rs  can be co n tinu e d  
p a ra lle l to  the Caledonide reg iona l s tr ik e  u n t i l  they would surface before or 
c lose  to  t h e i r  sources. S ince th e re  i s  no evidence fo r  any h igh  v e lo c i ty  
la y e r cropping ou t in  the Southern Uplands, i t  must be concluded th a t the ag 
r e f r a c to r  te rm in a te s  o r drops to  a much g re a te r  depth a t  a d is ta n ce  o f 
somewhere between 10 and 20  km SE from  the SUE. Th is  could be con firm ed  by 
t im in g  e ith e r  o f these q u a rrie s  in to  a reoccupied s i te  in  the BIN array. This 
c o n c lu s io n  i s  in  genera l agreem ent w ith  the  ’ b lo c k  m odel’ f o r  the S outhern 
Uplands basement o f H a ll e t a l (1983 ).
S l ig h t ly  separa te  from  the  m ain sh a llo w  area, is  ano the r sha llow  re g io n
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F ig u re  4 , 6 5  D epth  values a re  r e la t iv e  to  f ix e d  depths under 
each a r r a y .  The MA.V IS  (s o u th ) p r o f i le  is  denoted  
hy the  l in e  X -X ’
224
under the northeastern pa rt of the Pentland h i l l s .  This can be confirmed by a 
plane la y e r insp ec tio n  model o f the f i r s t  20 km of data from the LISPB shot E 
(sou th ) in t o  alpha & beta ( f ig u r e  4.66, lo c a t io n s  in  f ig u r e  1.14). To
th e  S and E o f the  Pentland h i l l s  and separa ted  from  them by the  Pentland 
fa u l t ,  l ie s  deeper basement under the E Loth ian C oa lfie ld . The re s o lu tio n  of 
th is  technique is  in s u f f ic ie n t  to  p re d ic t whether th is  movement took place 
along the Pentland or Leadburn fa u lts .
In  th e  sou thw este rn  co rne r o f the  map, the  n o rth e a s te rn  m arg in  o f the  
M auchline ba s in  i s  q u ite  c le a r ly  d e fin e d  by th is  data and is  known from  
geo log ica l evidence to  have formed during la te  Carboniferous times.
The o v e ra ll conclusion fra n  th is  study o f the apparent v e lo c ity  data i s  o f 
a broadly p lanar re fra c to r  surface which has been warped by subsidence la te  
in  the h is to ry  o f evo lu tion  o f the Midland Va lley. This deform ation must have 
occured in  re la t io n  to  the la te  Carboniferous fa u lt in g  which was widespread 
w ith in  the basins fo rm ing  a t  th a t time. However th is  in te rp re ta t io n  does not 
appear to  h o ld  fo r  the  re g io n  around th e  sou thern  m arg in  o f the  C en tra l 
C o a lf ie ld  w h ich  does appear to  have been s ta t io n a ry  a t  th a t  tim e . New 
in fo rm a tio n  across the Central C o a lfie ld  i s  requ ired  to  d e lim it  the s tru c tu re  
more accurate ly .
Early in te rp re ta t io n  o f data recorded across the May bole I n l ie r  in  the SW 
corner o f the Midland V a lley  (D. Majid, p riva te  communication) confirm s th a t 
basement i s  a t  a s im ila r , shallow depth in  th a t region and th a t  the Mauchline 
basin i s  in  fa c t  a la te , syn c lin a l s truc tu re ,
4.3 S -  wave in terpreta tion
Along the  H illhouse  -  Broughton p ro f i le ,  the S-wave dataset i s  l im ite d  ( fo r  
reasons g ive n  in  3.2.4) to  good q u a l i t y  analogue p ic k in g s  o f two groups o f 
a r r iv a ls :  those recorded E o f Dunduff quarry and those recorded E o f Qoburn 
q u a rry . These have been in te rp re te d  us in g  the p lane la y e r  and WHB methods
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F ig u re  4 .6 6  P la n e - la y e r  in t e r p r e ta t io n  o f  the LISPB shot E in to  BETA 
(s o u th ) .  S urface  geology from BGS 1:50000 maps, s u rface  
P-wave v e lo c i t ie s  from  Davidson e t a l  (1 9 8 4 ) .
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(see f ig u r e s  4.2a, 4.5, 4.17s>b). Because o f the  l im i t e d  S-wave coverage 
across  the p r o f i le  no S-wave ray model was produced. In s te a d , com parisons 
were made w ith  the S-wave in te rp re ta t io n  o f the Midland V a lley  section o f the 
LISPB p r o f i le  (Assumpcao & Bamford 1978; Assumpcao 1978) where, f o r  the 
surface la ye r, a bimodal Poisson's r a t io  d is t r ib u t io n  o f 0.33 ^  0.03 and 027 
-  0.03 was produced, loose ly  associated w ith  the d is t r ib u t io n  o f sediments 
and lavas  in  the eastern Midland V a lley , and o ve rly in g  the  Oq re fra c to r  w ith  
a Poisson's r a t io  o f 0.233 -  0.020 (0.231 ^  0.005 in  the Southern Uplands).
From f ig u re s  4.27,28, i t  was n o tic e d  th a t  the  data recorded  E o f D unduff 
quarry show Pois son's ra t io s  which, appart from the f i r s t  few hundred metres 
(where open cracks and th e re fo re  the e ffe c t o f po ros ity  w i l l  reduce S-wave 
v e lo c i t ie s ) ,  are s ig n i f i c a n t ly  lo w e r  w ith  depth than e ith e r  o f the above 
e s tim a te s  fo r  the  su rfa ce  la y e r  P o isso n 's r a t io .  T h is  data se t i s  n o t w e l l  
enough co n s tra in e d  beyond 10 km range to  d is t in g u is h  between d ir e c t  and 
re f ra c te d  S-wave a r r iv a ls ,  so no d is t in c t io n  was in c lu d e d  in  th e  model. 
However, the computed WHB re s u lts  fo r  th is  region ( f ig u re  4.3,5) confirm  the 
presence o f low  P o isso n 's r a t io  va lu e s  over the  re g io n  between D unduff and 
C a irn g ry ffe  q u a rr ie s .
For th e  data recorded  E o f C loburn q u a rry  across th e  th ic k  sequence o f 
Lower Old Red Sandstone la v a s  (Mykura I960) to  the W o f the SUF, no d ir e c t  
a r r iv a l was recorded and so the surface la y e r S-wave s tru c tu re  was modelled 
as a delay on a best f i t  re fra c to r  v e lo c ity  a t  a depth f ix e d  from the P-wave 
model, but using r e a l is t ic  v e lo c ity  g rad ien ts s im ila r  to  those modelled E o f 
D undu ff q u a rry . Thus th is  d i r e c t  S-wave v e lo c i t y  -  depth cu rve  re p re s e n ts  
r e a l is t ic  maximum v e lo c it ie s  down to  the re fra c to r . In te re s tin g ly , a fte r  the 
i n i t i a l  0.5 km o f  lo w  Vg and h ig h  P o isso n 's r a t io ,  the m ode lled  P o isso n 's 
ra t io s  are very s im ila r  w ith  depth to  the 027 f ig u re  suggested by Assunpcao 
(1978) f o r  M id land  V a lle y  la v a s , p o in t in g  to  a s ig n i f ic a n t  change in  
l i t h d o g ic a l  composition from predominantly sandstone to  predominantly lavas
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on e ith e r  s ide  o f the Carm ichael f a u l t .  These r e s u lt s  a lso  co n firm  the 
observations on the change in  peak frequency o f P-wav es e ith e r  side o f th is  
f a u l t  (s e c t io n  3 .2 .3.2 and f ig u r e  3.24).
The o n ly  c le a r ly  d e fin e d  group o f aQ re f r a c to r  S-wav es a re  found from  
C loburn q u a rry , g iv in g  and appa ren t v e lo c i ty  o f  3.74 ± 0.05 km s“ **. A f te r  
c o r re c t io n  fo r  the  m ode lled  r e f r a c to r  d ip , t h is  g ive s  an e s tim a te  o f 3.55 
km s"^ f o r  Vg. I f  the e r ro r  onVg i s  assumed to  be the same as th a t  o f the  
appa ren t v e lo c i ty  f i t ,  then a va lue  o f 0.237 -  0.018 is  o b ta in e d  fo r  the  
P o isso n 's r a t io .  As on ly  one d a ta se t has been used, t h is  v a lu e  must be 
tre a te d  w ith  some ca u tio n . However, the  va lue  fo r  the  Po isson’ s r a t io  i s  
com patib le w ith  the f ig u re  o f 0.233 -  0.020 quoted above fo r  the aQ re fra c to r  
in  the  Midland V a l l ^ ,  and almost equ iva len t to  the f ig u re  o f 0.231 -  0.005 
obta ined fo r  the Southern Uplands. ------
4.4 Summary of the in terpreta tion  of th is  data
V a rio u s  in te r p r e ta t io n  methods have been used to  in t e r p r e t  the data 
p resen ted , c u lm in a t in g  in  th e  ray models w h ich  show the  e x is te n ce  o f 
considerable la te ra l  as w e ll as v e r t ic a l P-wave v e lo c ity  inhomogeneity. The 
g ross  la t e r a l  v e lo c i ty  d if fe re n c e s  in  th e  su rface  la y e r  can be re la te d  to  
major changes in  l i t h d o g y  as observed or p red icted from the surface geology. 
In  a d d itio n , there  i s  evidence o f several la rge  high v e lo c ity  bodies enclosed 
w ith in  the surface la y e r, which are in te rp re te d  as igneous in tru s io n s  o f a 
s im ila r  type but a la rg e r scale to  those seen lo c a l ly  a t the surface.
The Sq r e f r a c to r  recogn ised  by LISPB fu r th e r  E in  the M id land  V a lle y  i s  
a lso  recognised in  th is  area, but w ith  a s l ig h t ly ,  but possib ly  g e o lo g ica lly  
s ig n i f ic a n t ,  h ig h e r  v e lo c i ty . P o ss ib le  g e o lo g ic a l in te r p r e ta t io n s  w i l l  be 
discussed in  the  next chapter. P re lim inary work in d ic a te s  th a t th is  re fra c to r  
i s  p re se n t a t  sh a llo w  depths over a w ide area in  the sou the rn  and c e n tra l 
Midland V a lley .
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New in fo rm a tio n  on the a^  re fra c to r  i s  l im ite d  and ambiguous. I t  does not, 
however, appear to  in d ic a te  a simple planar re fra c to r  s truc tu re .
V e r t ic a l  v e lo c i ty  g ra d ie n ts  can be dem onstrated th ro ugh ou t th e  re g io n  
covered by the H illhouse  -  Broughton p ro f i le .  As expected from previous work 
( A l i  1 983; A de sa ny a 1981), these are  g re a te s t in  th e  to p  3 to  4 km (0 -  1 
kb), and can be shown to  depend on w hether round pores o r f l a t ,  g ra in -  
boundary cracks are dominant.
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Chapter 5 Discussion and conclusions
5.1 Nature o f the 8q re fra c to r
5.1.1 In tro d u c tio n
The in te r p r e ta t io n  o f the  aQ r e f r a c t in g  h o riz o n  presen ted  in  s e c tio n
4.2 .2.4 and 4.2.3.1 concen tra ted  a lm ost e x c lu s iv e ly  on i t s  v e lo c ity -d e p th  
s tru c tu re  and i t s  p o s it io n  in  the upper c ru s t o f the Midland V a l l^ .  This was 
done to  h ig h l ig h t  the s im i la r i t ie s  and d if fe re n c e s  in  the  in t e r p r e ta t io n  
presented in  th is  study w ith  previous in te rp re ta tio n s , notably o f LISFB,
No d ir e c t  s ta te m e n t has y e t been made as to  the co m p os itio n  o f t h is  
r e f r a c t in g  la y e r  or to  i t s  g e o lo g ic a l r e la t io n s h ip  w ith  the o v e r ly in g  
sedimentary laye r.
5 .1 .2  Sunmary o f seism ic evidence----------
A summary o f the seism ic c h a ra c te r is tic s  o f the aQ re fra c to r  determined in  
th is  study are given in  f ig u re  5.1 below.
Vp 6.05 -  0.05 km s"** a t  3 km
Vg 3.55 ± 0.05 km s“ ‘’ " "
dVp /  dZ 0.10 -  0.02 s'**’ (3 -  7 km)
P o isson 's r a t io  0.24 1 0.02 a t 3 km
fig u re  5.1
The v e lo c ity  g rad ien t i s  th a t used in  the m odelling  process as discussed in  
section  4 .2 .2 .4 , and i s  based on estim ates o f the expected behaviour o f f la b -  
cracked rocks a t equiva lent con fin ing  pressures.
The in fe rence from lab o ra to ry  measurements o f f ig u re  5.1 on the geolog ica l 
nature o f th is  re fra c to r  i s  th a t th is  combination o f moderately h igh  Vp and
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low P o isson ' r a t io  va lu e s  w ould be best matched to  a q u a rtz  r ic h ,  w e l l  
compacted (e ith e r c ry s ta llin e  or h igh ly  cemented) l ith o lo g y  (Evans 1980; H a ll 
& A l-Haddad 1979; H a ll & Simmons 1 979; C h ris te n se n  & F o u n ta in  1 975; 
Christensen 1965; 1966; Alexandrov & Ryzhova 1962; and 1961a,b; B irch  I960; 
1961 amongst o th e rs ) . Examples o f se is m ic  s tu d ie s  a c ross  c o n tin e n ta l 
( p a r t ic u la r ly  c ra ton ic ) c ru s t and con firm ing  th is  in te rp re ta t io n  are numerous 
in  th e  l i t e r a t u r e  (eg H a ll & A l i  1 985; Mechie & Brooks 1 984; Mechie e t a l 
1983; Drummond 1983;198l; Fi nl ay son 1981; and Assumpcao & Bamford 1978).
5 .1 .3  Sunmary o f geo log ica l evidence
Tnis section  reviews geolog ica l evidence which may provide some con tro l on 
the in te r p r e ta t io n  o f the na tu re  o f the aQ r e f r a c to r  la y e r .  X e n o lith s  from  
M id land V a lle y  v o lc a n ic  v e n ts  re v e a l a s u ite  o f a lm ost e x c lu s iv e ly  
me tarn orphie rocks whose petrogenesis in d ic a te  o r ig in s  ranging from the m antle 
up to  th e  upper c ru s t (Upton e t  a l 1 983; Upton e t  a l 1984). The lo w e s t grade 
me tarn or ph ic  x e n o lith s  a re  q u a r tz - f  e ld sp a r gneisses (o c c a s io n a ly  q u a r tz -  
fe ld spa r-g a rn e t gneisses) con ta in ing  minor amounts o f s i l l im e n ite  and b io t i t e  
but no hornb lende . As d iscussed  in  s e c tio n  1.4.1, no x e n o lith s  o f Dal ra d ia n  
rocks  o r rocks o f  s im i la r  me tarn or p h ic  fa c ie s  have been found from  these 
vents.
Assuming th e  r i s in g  magma in  these v e n ts  s y s te m a tic a lly  sampled a l l  
l i th o lo g ie s  during  i t s  journey to the surface, then the upper most basement 
rocks must be represented ty  these acid  gneiss xeno liths.
Longman (1980) no ted  the presence o f a s u ite  o f e x o t ic  l i t h o lo g ie s  in  
c la s t s  fro m  O rd o v ic ia n  c o n g lo m e ra te s  o f  th e  G irv a n  re g io n ,  w h ic h  
geo chem ically have is la n d -a rc  a f f in i t y ,  and whose emplacement ages are coeval 
w ith  the  d is p o s it io n  o f the  conglom erates. Longman e t  a l (1979) and B lu c k  
(1983; 1984) have proposed fo r  the M id land  V a lle y  the e x is ta n c e  o f an 
O rdovician arc s ite d  on con tinen ta l crust.
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From both these l in e s  o f geological evidence the basement in  the Midland 
V a lle y  w ould  be p re d ic te d  to  be composed o f h o s t l i t h o lo g y  a c id -g n e is s e s  
penetrated by i^ a n d -a rc  granites. McGiven (196?) and B luck (1983; 1984) have 
also shown the need fo r  a source, in  S ilu r ia n  times o f a su b s ta n tia l volume 
o f m e taqua rtz ite,
5 .1 .4  Comparisons and predictions o f possible lith o lo g ies .
In  o rd e r to  g a in  some q u a n t i t a t iv e  fe e l fo r  the types o f  l i t h o lo g y  w h ich  
w ou ld  g iv e  an a cce p ta b le  f i t  w ith  the v e lo c i ty  in fo rm a t io n  on th e  aQ 
r e f r a c to r  in  the M id land V a lle y  and summarised in  f ig u r e  5.1, a s e r ie s  o f  
comparisons are shown fo r  the Sq re fra c to r  against th ree  sets o f u ltra s o n ic  
measurements on rock cores. In  each f ig u re , the o r ig i nal ve lo c ity -p re ssu re  
measurements have been converted  to  v e lo c ity -d e p th  assuming l i t h o s t a t i c  
lo a d in g , as the  m ode lled  low  v e lo c i ty  g ra d ie n t w ou ld  im p ly  p re do m ina te ly  
closed cracks and th e re fo re  n e ^ ig lb le  pore-pressures. An ove rly in g  la y e r of 
average d e n s ity  2700 kg m“ ^ can be assumed to  be re p re s e n tc it iv e  o f the  
average d e n s ity  o f Lower P a laeozo ic  sed im en ts  (M clean 1961; P ow e ll 1970; 
1971; B o tt & Mas son-Smith I960; Adesarya 1982). Overestim ation o f the surface 
laye r density  by 50 kg m“ 3 w i l l  re s u lt  i n ’ an e rro r in  depth of around 50 m a t 
3 km depth. S im ila r ly ,  an underestim ation o f the overburden density a t  7.5 km 
re s u lts  in  a discrepancy o f around 140 m. As a re s u lt, a l l  depth conversions 
o f core data are considered accurate to  w ith in  2%.
P and S-wave v e lo c it ie s  were compensated fo r  the e ffe c ts  o f the reg iona l 
te m p e ra tu re  g ra d ie n t u s in g  the tem pera tu re  c o e f f ic ie n ts  quoted by H a ll & 
Simmons (1979). For c o n f in in g  p ressu re s  o f  le s s  than  2 kba rs , t h is  g ive s  
values o f  -0.0006 km.(s 0^)"^ fo r  P-wav es and -0.0003 km.(s 0^)"^ fo r  S-waves 
(where app licab le ), and was combined w ith  the estim ate  from Ingham &-Hutton
(1982) fo r  the reg iona l temperature g rad ien t in  the top 10 km of the Midland 
V a lle y , o f 22^0 km"**. An over e s t im a tio n  o f the  te m p e ra tu re  g ra d ie n t by 5*^0
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would o n ly  produce an e r ro r  in  Vp o f  < 0.2% (assum ing Vp in  th e  range o f 6.0 
-  6.5 km s“ **).
F igure  5 2  shows the Sq re fra c to r V-Z curve p lo tte d  alongside the compiled 
data from a study o f P and S-wave v e lo c it ie s  in  cores o f Ordovician c la s t ic  
sed im en ts  from  the  G irva n  area (A de sa ny a 1982). The w ide range o f co re  
v e lo c it ie s  represents the v a r ia b l ity  in  composition of these sandstones, but 
is  d is t in c t  from  the  V-Z curve  d e rive d  fo r  the  Sq r e f r a c to r .  T h is  c o n firm s  
the in fe rences o f sections 4.1.4 and 4.4 which in v a lid a te  the in te rp re ta t io n  
by LISFB o f the geolog ica l nature o f th is  re fra c to r.
F igure 5.3 shows the re fra c to r  V-Z curve p lo tte d  aga inst three examples o f 
a c id  g n e iss  cores from  C hris te nsen  (1965), chosen to  be w i t h in  th e  d e n s ity  
range o f 2650 -  2850 kg m"^. These v e lo c ity  values are the ca lcu la ted  means 
o f th re e  component measurements, and th e  e r ro r  bars a re  a measure o f the  
a n is o tro p y  range. There i s  a much c lo s e r  agreement between the f i e l d  V-Z 
cu rve  and these samples, w ith  the  best c o r re la t io n  o c c u rin g  w ith  sample 
Gneiss 3 (Christensen 1965).
F ig u re  5.4 shows th e  r e f r a c to r  V-Z curve  p lo t te d  a g a in s t tw o  samples o f  
m e ta q u a r tz ite  a lso  from  C hris tensen  (1965). The cu rve  in d ic a t in g  h ig h e r  
v e lo c i t ie s  corresponds to  th e  ' fe ld spa th ic -m ica  q u a rtz ite ' and contains 30% 
p lag ioc lase  and b i o t i te ,  whereas the other sample contains 96% quartz.
From th is ,  i t  can be deduced th a t  i f  a q u a rtz  i t e  la y e r  e x is ts  as p a r t  o f 
the basement sequence, i t  m ust occur a t  around 3 km depth, as below t h is  
depth the modelled v e lo c it ie s  are g reater than the s ing le  c ry s ta l v e lo c it ie s  
f o r  q u a r tz  (eg Vp = 6.2 km s“ ** a t  5 km; Vp f o r  q u a rtz  i s  6.05 km s“ ** 
(C h ris te n s e n  & F o u n ta in  1 975)). The P o isso n 's r a t io s  fo r  these q u a rtz  i t e  
samples a re  a ls o  much lo w e r than the  va lu e  o f  0.24 -  0.02 im p lie d  f o r  the  
uppermost basement by th is  study and a lso by LISFB (Assunp)cao & Bamford 1978; 
Assumpcao 1978). I t  i s  th e re fo re  u n lik e ly  th a t  t h is  l i t h o lo g y  com prises a 
s ig n if ic a n t p roportion  o f even the  uppermost basement.
233
LO
(W>l) Hld3Q
F ig u re  5 .2  V e lo c ity -d e p th  curve f o r  the r e f r a c t o r  in  the  
southern  M id lan d  V a l le y  compared w ith  the  mean 
v e lo c ity -d e p th  curve from  a s u ite  o f  greywacke 
cores from  the G irv a n  re g io n  (Adesarya 1 9 8 2 ),
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F ig u re  5 .3  V e lo c ity -d e p th  curve fo r  the r e f r a c to r  in  the  
so u th ern  M id land  V a l le y  compared w ith  v e lo c i t y -  
depth curves fo r  3 se ts  o f  a c id  gneiss cores  
(C h ris te n s e n  1 9 6 5 ).
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F ig u te  5 .4  V e lo c ity -d e p th  curve fo r  the r e f r a c to r  in  the  
southern  M id lan d  V a l le y  compared w ith  v e lo c i t y -  
depth curves f o r  2 sets  o f  m e ta q u a rtz ite  cores  
(C h ris te n s e n  1 9 6 5 ).
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To summarise t h is  s e c tio n , th re e  groups o f  q u a r tz - r ic h  l i t h o lo g ie s ,  as 
represented by the above core samples, have been compared w ith  the V-Z curve 
o f the ag re fra c tin g  la y e r in  the southern Midland V a lley , These comparisons 
serve to  con tras t d if fe r in g  types o f q u a rtz -r ic h  rocks, more than to  search 
fo r  one matching l ith o lo g y . The con trast between q u a rtz -r ic h , w e ll cemented 
sandstones ( f ig u re  5.2), a series o f q u a rtz - f eldspar ( + b io t i te  +hornblende) 
c r y s ta l l in e  rocks ( f ig u re  5 .3)» and q u a r tz - r ic h  meta sediments ( f ig u re  5.4), 
in d ic a te s  a c le a r  p re fe re n ce  f o r  c r y s t a l l i n e  ro c k s  ( f i g u r e s  5 .3 ,4 ) .  
P o t e n t ia l l y  any c o a rs e -g ra in e d  p lu t o n ic  o r  m e ta m o rp h ic  ro c k  ty p e  
p re d o m in a n tly  composed o f  q u a rtz  and fe ld s p a r  w ith  m inor p ro p o r t io n s  o f 
h igher v e lo c ity  accessory m inera ls such as b i o t i te  and hornblende (or garnet) 
w ou ld  f i t  w ith  the  Vp and P o isso n 's r a t io  l im i t s  s u p p lie d  in  sec-tion 5.1.1. 
B io t i te  and garnet are common accessory m inera ls in  most samples found in  the 
Midland V a lley  xe n o lith  su ite .
The gneissose xe n o lith s  do no t conta in  hornblende, whereas c la s ts  in  the 
O rd o v ic ia n  cong lom era tes in d ic a te  an abundance o f h ig h - le v e l,  ho rnb lende  
g ra n ite s  (Longman 1979; B luck 1983; 1984). Since these in tru s io n s  would have 
formed lo c a lis e d  sources w ith in  the Ordovician basement, i t  i s  le s s  l ik e ly  
th a t the Carboniferous vents would have sampled them, and so the absence o f 
ho rnb lende  in  the x e n o li th  s u ite  should no t p re c lude  the presence o f th a t  
m inera l lo c a l ly  w ith in  the ro o ts  o f these intrabasement g ran ites,
5.2 Relationship of the ^  re frac ting  layer w ith  the overlying sedimentary 
sequence
5.2.1 Geometry of the basement structure compared w ith  known or deducible 
sediment thicknesses
The modelled s tru c tu re  o f the ag re fra c to r  was compared w ith  the s tru c tu re  
expected on i t  ta k ing  in to  considera tion  surface la te -C a ledon ian  s tru c tu ra l 
movement and Upper Palaeozoic f a u l t  movements (section  4 .2 .2 .4  and fig u re s
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4.34 & 4.54). I t  has been noted th a t  the  m ode lled  su rfa ce  i s  much smoother 
than expected  and th a t even a llo w in g  fo r  g e n e ra lis a t io n s  w i t h in  the  
ray t r a c in g  techn iq ue  and th e  l im i t a t io n s  o f the p resen t d a ta se t, these 
d iffe re nce s  remain. On a reg iona l scale, the depth contoured surface of the 
ag re fra c to r  in  the southern and cen tra l Midland V a lley  im p lie s  considerably 
reduced th ic kn e sse s  o f sed im ents th ro u gh o u t t h is  re g io n  than w ould be 
p red ic ted  from ex tra p o la tio n  o f the surface geology.
For example, in  the area between the Lesmahagow amd Carmichael In lio ^ s , a 
reasonab le  e s tim a te  o f the t o ta l  th ic k n e s s  o f  Lower Old Red Sandstone and 
S ilu r ia n  sediments based on the surface s tra tig raphy  would be a t  le a s t 4 km. 
S im ila r ly ,  under the Central C oa lfie ld , a value o f 2 km fo r  the Carboniferous 
sediments and lavas (confirm ed se ism ica lly  by S d a  1985; and Sola & Powell
( 1983))» would im ply a to ta l sedimentary th ickness in  th is  reg ion o f a t le a s t 
6 km (the uncerta in ty  being due in  pa rt to  the th ickness o f the Upper Old Red 
Sandstone sediments, i f  present).
However, based on the re s u lts  o f the tim e-term  study across the LES array 
( f ig u re  4.60) which show tim e-term s under the a c ro ss -s tr ike  arm of the array 
m a in ta in in g  c o n s is te n t va lu e s  d e s p ite  the  r is e  in  g e o lo g ic a l s t ru c tu re  
tow ards  the  SE, a fu r th e r  2.5 -  3.0 km o f sed im ent must e x is t  under t h is  
so u th e a s te rn  p a r t  o f the i n l i e r .  I f  t h is  e x tra  m a te r ia l is  added to  the  
s tra tig ra p h ie  column, then the to ta l th ickness o f pre-Ludlow sediments in  the 
i n l i e r  must be around 5 km. Since th e  basement must be a t  a co n s ta n t depth 
a c ross  the  i n l i e r  ( f ig u r e  4.60), around 2 km o f sed im ent must be ' l o s t '  
w ith in  the  10 km w id th  o f the in l i e r  under th is  arm of the array. At the same 
tim e , the basement under and between Dunduff and C a irn g ry f fe  q u a r r ie s  i s  
modelled a t  3 km depth w h ile  between 1.0 -  1.5 km o f Lower Old Red Sandstone 
sed im ents are e s tim a te d  to  be p re se n t from  s t r a t ig r a p h ie  evidence. A 
reduction  o f 3.0 -  3.5 km in  the th ickness o f the pre-Ludlow sediments must
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have occured eastwards across th is  15 -  20 km distance.
An even more considerable reduction  in  sedimentary th ickness i s  in fe rre d  in  
the southern p a rt o f the Central C o a lfie ld  and fla n k in g  the Bathgate Bouguer 
g ra v ity  and aerom agnetic  h igh . Here basement has been m ode lled  a t  3*5 km 
depth  (S o la  1985; Davidson e t a l 1984) and rem oving  a 2 km th ic k n e s s  o f 
C a rb o n ife ro u s  sed im ents and la v a s  le a ve s  o n ly  around 1.5 km o f o ld e r 
sed im en ts : 4 km le s s  than would be expected from  the t o ta l  th ic kn e sse s  
in fe r re d  above on s tra tig ra p h ie  and se ism ologica l grounds.
Areas which do show a d is t in c t  deepening of the basanen t are the E Lo th ian  
C o a lfie ld  and the Mauchlin Basin. The to ta l subsidence in  the la te r  area has 
been computed by g ra v ity  m o d e llin g  (M clean 1 966) as 1.5 km, w h ich  i s  o f 
s im ila r  order to  the observed deepening from f ig u re  4.65. Subsidence in  the  
Mauchlin Basin was in i t ia te d  during the la  te - Carboniferous and continued in to  
th e  Perm ian (M clean 1 97 8) ,  making i t  one o f the  youngest su rfa ce  te c to n ic  
fea tu res  in  the Midland V a lley.
The apparent f la tn e s s  o f t h is  basement r e f r a c to r  over such a w ide  area 
suggests  tw o a l te r n a t iv e  e x p la n a tio n s . I t  cou ld  re p re s e n t an o r ig in a l  
to p o g ra p h ic  s u rfa ce  w h ich  has subsequently  s u ffe re d  o n ly  m inor v e r t ic a l  
w a rp in g  s in ce  the O rd o v ic ia n . A l te r n a t iv e ly ,  i t  cou ld  re p re s e n t a m a jo r 
p la n a r te c to n ic  movement zone. There i s  a problem w ith  t h is  second 
hypothesis. Ary major th ru s t zone must have a surface trace corresponding to  
the  o u tc ro p  o f  the  lo w e s t member o f the  th ru s t  s tack . As t h is  r e f r a c to r  
continues across the Central C o a lfie ld , th is  boundary should be seen cropping 
out in  the  Lower Old Red Sandstone outcrop fu r th e r  N towards the HBF. There 
is  no f i e ld  evidence to  support such a fea tu re .
Given the  l im ite d  exten t o f the present dataset, the topographic o r ig in  fo r  
the  r e f r a c to r  appears the  more l i k e l y  e x p la n a tio n . The v a r ia t io n s  in  
th ickness described above fo r  pre-Ludlcw sediments could then be re la te d  to  
d i f fe r e n t ia l  erosion of these sediments by la te r  f lu v ia l  ac tion . This would
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produce a b u r ie d  landscape w ith  re g io n s  such as th e  Lesmahagow I n l i e r  
re m a in in g  as h ig h  ground. Th is d i f f e r e n t ia l  e ro s io n  m ust have taken p lace  
b e fo re  th e  end o f  the  L lando very , as a f te r  th a t  tim e , the  s t r a t i  g ra p h ic  
re c o rd  does no t show any s ig n i f ic a n t  evidence f o r  la rg e  sca le , lo c a l is e d  
erosion. U nfortunately the only way o f proving or d isp rov ing  th is  hypothesis 
is  by d r i l l in g  do se  to  the outcrop o f the o ldest (Llandovery) sediments, fo r  
example in  th e  Lesmahagow I n l ie r .  I f  the  d r i l l e d  sequence w ere to  be a 
downwards con tinua tion  of the exposed sequence, w ith  no te c to n ic  breaks, then 
an e ro s iv e  c y c le  w ou ld  have to  be invoked  fo r  a l l  o th e r re g io n s  to  e x p la in  
reduced thicknesses o f pre-Ludlow sediments,
5.2.2 E ffect o f surface fa u lts  on the in terpretation  of basement structures
Another en igm atic  fea tu re  of th is  basement re fra c to r  i s  i t s  con tinua tion  
un d e v ia te d , or a p p a re n tly  so (see s e c tio n  4 .2 .2 .4 ) , under se ve ra l m ajor 
f a u l t s  such as the Kerse Loch (KLF), C arm ichael (OF) and Southern Uplands 
fa u lts  (SUF), a l l  o f which can be shown to  have exerted considerable v e r t ic a l 
c o n tro l on se d im e n ta tio n  th ro u g h o u t lo n g  p e rio d s  from  the S i lu r ia n  to  the  
C a rb o n ife ro u s . In  p a r t ic u la r ,  the  SUF has been lo n g  con s ide red  to  mark th e  
southern margin o f the Midland V a lle y  'graben’ and the Laurentian con tinen t 
in  th e  UK, and has been cons ide red  by some w orke rs  as th e  s i t e  o f e a r ly  
Caledonian subduction of the lapetus Ocean (eg Leggett e t a l 1983; Yardley e t 
a l 1982).
F u rth e r in d ic a t io n  o f t h is  c o n tro l has been o b ta in e d  fo r  C en tra l and 
Southern  A y rs h ire  by in te r p r e ta t io n  o f the Bouguer g ra v ity  f i e l d  (M clean 
1966). In  th is  region, a l l  o f these fa u lts  show Bouguer anomalies which can 
be re la te d  to  d e n s ity  c o n tra s ts  w i t h in  the top 1 -  2 km o f the c ru s t  on 
e ith e r  s ide  o f these fa u l t s ,  and w h ich  can be used to  measure r e la t iv e  
v e r t ic a l  movement th rough tim e . There i s  no evidence from  th is  re g io n  o f a 
lo n g e r w ave leng th  component to  these anom alies w h ich  m ig h t in d ic a te
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corresponding v e r t ic a l movorients in  the basement. This may in d ic a te  th a t no 
v e r t ic a l movorient has been propagated down to the basement, but may equally 
be the re s u lt  o f a n e g lig ib le  density contrast between the low est sediments 
and the basement rocks.
D ire c t in fo rm a tio n  on the density o f the basement i s  not ava ila b le , but a 
l ik e ly  range o f values can be estim ated from the value o f Vp quoted in  f ig u re  
5.1. Using regression ana lys is  on a su ite  of core samples from the Lew isian 
(H a ll & Al-Haddad 1979; Al-Haddad 1977)» a re la t io n  between P-wave v e lo c ity  
a t  1 kbar and the g ra in -dens ity  can be obtained g iv ing ;
dens ity  = (0.15 -  0.34) + (0.42 ± 0.05) Vp ( r  = 0.85» n = 23)
Th is g ives a value fo r  the density o f the ag re fra c to r o f 2690 ^  40 kg m"3. 
Comparing t h is  v a lu e  w ith  the accepted  va lu e  o f d e n s ity  f o r  the  Lower 
Palaeozoic sediments in  southern Scotland o f 2720 kg m“ 3 (Mclean 1961; 1966; 
2728 -  45 kg m“ ^, Hipldn & Hussain 1983) g ives an expected density con tras t 
o f approximately -30 dr 85 kg m“ ^, which is  n e g lig ib le  On the basis o f these 
fig u re s , no recognisable anomaly ( ie  > 4 mgal) would be produced even by the 
la rg e s t p red ic ted  v e r t ic a l fa u l t  movements (up to  2 km) in  the basement.
In  summary, the seism ic in te rp re ta t io n  presented here gives no support to  
the existence o f la rg e  v e r t ic a l displacements in  the basement in  response to  
a s im ila r  scale o f movement recognised across the surface fa u lts . There i s  
in s u f f ic ie n t  density con tras t between the Lower Palaeozoic sediments and the 
basement, based on the above pred icted  values, to  o f fe r  ary re so lu tio n  on the 
above problem based on the reg iona l g ra v ity  f ie ld .
I f  th is  hypothesis regard ing the la c k  o f v e r t ic a l movements in  the basement 
under these fa u l ts  i s  v a lid ,th e n  the surface movement along these fa u l ts  must 
be taken up in  some o ther way; the only d ire c t io n  which would have m inimal 
e ffe c t  on the  v e r t ic a l basement s tru c tu re  would be to  have curvature  on these
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f a u l t s  and have them s o lin g  ou t a t, or c lose  to  the  basement. Gibbs (1984) 
has p ro v id e d  an a n a ly s is  w hich  suggests th a t  f o r  much o f i t s  P a laeozo ic  
h is to ry , the Midland V a lley  has been an extensional or transtens iona l regime, 
and th a t by the a p p lic a tio n  of balanced cross-section  construc tion  techniques 
to  the  BGS 1 inch  g e o lo g ic a l maps, has shown th a t  the  m a jo r f a u l t s  o f  the  
sou th e rn  M id land  V a lle y  could be curved w ith  depth. No r e la t io n s h ip  was 
im p lie d  fo r  these fa u lts  w ith  the basement. Decoupling due to  major rhedogy 
c o n tra s t  i s  common across the basem ent/cover in te r fa c e  in  s t r i k e - s l i p  
te r r a i  ne s worldw ide, and i t  may provide a s u ita b le  decollement zone fo r  these 
fa u l ts  in  the Midland Va lley.
A l t e r n a t i v e l y ,  d e c o lle m e n t c o u ld  ta k e  p lace  a long any co nven ien t 
inco m p e te n t bed u n it  o v e r ly in g  basement (such as any 'Lower S i lu r ia n  /  
O rd o v ic ia n ' shales).
5*3 Seismic characteristics of fa u lts .
The d is c u s s io n  o f the  p rev io us  s e c tio n  (5.2.2) concluded th a t  th e re  i s  no 
evidence to  c o n firm  la rg e  v e r t ic a l  p re -C a rb o n ife ro u s  movements in  the 
basement under ary o f the dominant fa u lts  in  the southern Midland V a lley  (eg 
In ch g o tr ick , Kerse Loch, Carmichael and Southern Uplands fa u lts ) .
The question  o f whether these major surface fa u lts  are high angle, s tr ik e  
s l i p  f r a c tu r e s  o r w he ther they f la t t e n  o u t a t  or near the basem ent/cov er 
in te r fa c e  (w ith  or w ith o u t a s t r ik e  s l ip  compon<znt o f  movement) may be 
answered by lo o k in g , in  d e ta i l ,  a t  the a t te n u a tio n  c h a r a c te r is t ic s  o f the 
basement under the surface trace  o f these fa u lts .
The re c o g n it io n  o f f a u l t s  on the se ism ic  r e f r a c t io n  re c o rd  i s  n o rm a lly  
dependent on waves propagating across a v e lo c ity  d is c o n tin u ity , and producing 
a corresponding d is c o n tin u ity  in  the a r r iv a ls  in  the record section, which 
may be e ith e r  delayed or accelerated re la t iv e  to  e a r l ie r  a r r iv a ls . D iffra c te d  
energy w i l l  a lso  be produced a t  any edges in  the d is c o n t in u ity  and so any
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v e r t ic a l  com ponant o f the f a u l t  movement may be re c o g n is a b le  i f  the  data 
q u a lity  is  s u f f ic ie n t ly  good.
However, a f a u l t  w ith  a p u re ly  s t r ik e  s l ip  component o f  movement w i l l  
produce a l a t e r a l  v e lo c i ty  d is c o n t in u ity  on ly  i f  the  f a u l t  movement 
juxtaposes te r ra  nes o f d if fe r in g  se ism ic character; otherw ise i t  w i l l  ran a i n 
se ism ica lly  transparent.
In  c e r ta in  c ircum stances, a f a u l t  o f any type may be s e is m ic a lly  
recognised. As p a rt o f a re p o rt on the re s u lts  o f a seism ic re fra c t io n  study 
in  NW Manitoba, Canada, Green (1980) has noted the de trim enta l e ffe c t on S- 
wave a m p litu d e s  by re c o rd in g  acro ss  f a u l t  zones. The presence a long  the  S- 
wave ra y -p a th  o f a h ig h ly  a tte n u a tin g  zone, such as th e  re g io n  o f h ig h ly  
s h a tte re d  ro c k  n o rm a lly  s u rro u n d in g  m a jo r f a u l t  p lanes w ith in  com petent 
l i t h d o g y ,  w i l l  re s u lt  in  severe or complete lo s s  o f S-wave a rr iv a ls .
I f  any o f the  m a jo r f a u l t s  in  the sou the rn  M id land  V a lle y  were to  have 
produced a s ig n i f ic a n t  shear zone a t  depth, then a caref^LL j p laced, 
c lose ly  spaced p ro f i le  o f rece ive rs  should record a s im ila r  v a r ia t io n  in  S- 
wave amplitude. This could provide a means o f de tecting  major fra c tu re  zones 
a t depth and showing w hether the m a jo r s u rfa c e  f a u l t s  have near v e r t ic a l  
f a u l t  p lanes th rough  the  upper c ru s t, or w he ther they s o le  out in to  a 
decollem ent zone a t  or near the basement/cov er in te rfa c e , o r indeed whether 
a l l  these f a u l t s  m ig h t be re la te d  to  a s in g le  s t r id e  s l ip  f r a c tu r e  zone 
w ith in  the basement.
5.4 Geological in terpretation of the nature of the a^  re fracting  layer
As mentioned b r ie f ly  in  section 4.3.3.5, the a^  re fra c t in g  la y e r was f i r s t  
recognised w ith in  the Midland V a lley  by the LCWNET stuc(y, and i t s  presence 
subsequen tly  con firm ed  by the LISPB study. The s e ism ic  p ro p e r t ie s  o f t h is  
la y e r are sunmerised by f ig u re  5.5.
The a^  re fra c tin g  la y e r was o r ig in a l ly  in te rp re te d  as metamorphic basement
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(C ram pin e t  a l 1 970). T h is  in te r p r e ta t io n  was co n firm e d  and fu r th e r  
q u a n tif ie d  by the work o f H a ll & Al-Haddad (1979), H a ll & Simmons (1979) and 
Evans (1980), who concluded th a t pyroxene g ra n u lite s  p e tro l ogi c a ll  y analogous 
to  those  found  in  the  L e w is ia n  o f NW S co tland  p rov ided  a good match to  the 
a v a ila b le  data. Pow ell (1978) extended t h is  in te rp re ta t io n  by showing th a t 
m o d e llin g  o f the smoothed aerom agnetic  f i e l d  over the  l in e  o f the LISPB 
p r o f i le  in  the Midland V a llqy required some of the pyroxene gr a nul i t e  to  be 
replaced by hornblende g ra n u lite , in d ic a tin g  metamorphic re trog ress ion .
Sunmary o f v e lo c ity  in fo rm ation  on the a^  re fra c to r
Vp km s-1 Vg km s"^ Vp/Vg PR
LCWNET 6.4 - - -
LISFB * 6.50 ± 0.17
** 6.40 a t 7 km 3.81 1.678 * * *  0.224 * * *
* * 6.45 a t  18 km 3.84 ± 0.024 ± 0.012
Th is study as LISFB
* plane l ^ e r  in te rp re ta t io n , averaged unreversed data
* *  fra n  ray-trace  m odelling
* * *  tg  /  tp  method (see 1.5 . 3)
f ig u re  5.5
Assumpcao (1978) ca rrie d  fo rw ard  h is  a n a ly tic a l in te rp re ta t io n  o f Pois son's 
r a t io  d is t r ib u t io n  under the northern p a rt o f LISFB, by comparing h is  re s u lts  
fo r  the a^  re fra c to r  under the Northern Highlands and the Midland V a lle y  (see 
f ig u r e  1.15) w ith  a s u ite  o f aggregate  m in e ra l v e lo c i ty  measurements a t  
a tm o sp h e ric  p ressure , com piled by C hris tensen  & Foun ta in  (1975). In  th e i r  
s tudy, C h ris te n se n  & F o u n ta in  p lo t te d  groups o f P & S-wave v e lo c i t ie s  and
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P o isson 's  r a t io s  fo r  m in e ra is  in  l i k e l y  lo w e r c ru s ta l co m b in a tio ns  on to  
tr ia n g u la r  diagrams.
The use of aggregate m ineral v e lo c it ie s  to  model m ineral combinations in  
the c ru s t  i s  v a l id  on ly  a t c o n fin in g  p ressures o f g re a te r than 1 - 2  kba rs  
( ie  when a l l  h igh  aspect r a t io  cracks shou ld  be c lose d ). In  th e  c o n te x t o f 
Assumpcao's and the present studies, i t  should provide v a lid  estim ates of the 
l ik e ly  m ineral groups present, and a lso g ive a guide as to  th e ir  vo lu m e tric  
p roportions.
A ssum pcao 's  s tu d y  c o n c lu d e d  t h a t  th e  P-wave and P o is s o n 's  r a t i o  
d is t r ib u t io n  fo r  the Midland V a lley could be matched by a grouping o f;
38 % Quartz
56 % P lagioclase (Anpg)
6 % B ronz ite  (Engg)
T h is  m in e ra l og i ca l breakdown re p re s e n ts  a 10 % q u a rtz -e n r ic h m e n t over 
values obta ined fo r  the a^  re fra c to r  under the Northern Highlands, and is  due 
to  the unusually lew Poisson’ s r a t io  values fo r  the a^  re fra c to r  found under 
the Midland V a lley .
This does not concur w e ll w ith  the xen o lith  evidence reported by Upton e t 
a l (1984; 1983), w h ich  in d ic a te  th a t  q u a rtz  i s  absen t in  g ra n u l ite s  from  
vents around the  Midland V a lley .
T h is  c o n t r a d ic t io n  be tw een  th e  d i r e c t l y  m odelled  P o isson 's  r a t io  
in te rp re ta t io n  o f the a<| la ye r under the Midland V a lley and the evidence from 
xe n o lith s  by magma t i c  sampling may be resolved i f  the lew Poisson's r a t io  a  ^
la y e r  has n o t been sampled by any o f the  magma t i c  v e n ts  o r f is s u re s .  
I n t u i t i v e ly  t h is  appears u n lik e ly .  A l te r n a t iv e ly ,  q u a rtz  d is a g g re g a tio n  
w i t h in  the  r i s in g  magma m ig h t p ro v id e  a means o f p r e fe r e n t ia l ly  rem oving  
quartz from the nodules.
The Poisson's r a t io  s tru c tu re  o f the ag re fra c to r , taken to  correspond to
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the top o f the lew er crust, was also modelled by Assumpcao (1978; Assumpcao & 
Bamford 1978) g iv ing ;
Vp = 7.0 km s"^ ( ray-trace  m odelling)
Poisson's r a t io  = 0.249 -  0.017 
fo r  under the Midland Va lley.
Using Christensen & Fountain 's diagrams in  a s im ila r  manner to  Assumpcao 
( 1978), g ives two possible estim ated m ine ra log ica l compositions fo r  the low er 
c ru s t under the Midland V a lle y ;
20 % — Perth i t e  (Oryg; Ab^g; An2)
30 % or 55 % Plagoiclase (An2g)
50 % 45 % B ronzite  (Eng^) ( a l l  -  5 %)
(n o r ite )  (gabbro)
Given the assumptions on the use o f th is  method mentioned e a r lie r ,  and a lso 
the obv io u s  o v e r s im p l i f ic a t io n  o f us in g  on ly  two or th re e  m in e ra ls , the 
s im ila r i t y  between these and the  average normative compositions fo r  pyroxene 
g ra n u lite  xeno lith s  (see f ig u re  5.6) are encouraging.
From f i g u r e  5 . 6 ,  i t  a p p e a r s  t h a t  b o t h  t h e  s e i s m i c  and 
geo c h e m ic a l/p e tro lo g ic a l evidence suggest th a t  the l o w e r  c ru s t under the 
M idland V a lley  is  probably composed p r im a r ily  o f pyroxene g ra n u lite s , w ith  an 
o ve ra ll basic mineralogy.
Thus a model o f the c rus t com patib le w ith  the data used in  th is  study would 
be as shown in  f ig u re  5.7. This model matches the seism ic data but contains 
an assemblage ( th e  q u a rtz  g ra n u l i te )  n o t sampled in  th e  x e n o li th  s u ite s , 
possib ly because o f quartz disaggregation.
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C I  P W norms
A B C D E F 1 2
q - - - - — _ —
or 0.5 4.4 3.2 5.3 3.8 6.7 16 -
ab 13.1 17.5 15.3 16.5 11.4 26.2 25 30
an 31.9 32.1 21.0 30.6 29.6 28.8 9 16
ne 0.5 - 6.1 5.6 7.2 6.2
d i 24.6 26.2 25.1 18.7 22.5 12.6
hy - 6.9 - - - - 50» 45*
o l 19.5 7.3 10.9 14.8 15.9 11.7
mt 4.1 2.5 4.2 4.5 5.7 3.1 * En85
i l 3.0 0.8 1.2 1.9 2.1 2.1
ap 0.02 0.02 0.3 0.2 0.2 0.4
A two-pyroxene, A l-sp in e l g ra n u lite  (HN43), Hawkes Nib 
B two-pyroxene g ra n u lite  (BdH8), Baidland H i l l  
C two-pyroxene g ra n u lite  (Ag6), Ash tre e  Glen 
D clinopyroxene-m agnetite g ra n u lite  (Fd106), F idra 
E re trograded garnet, c/pyroxene, magnetite g ra n u lite  (Fd157), F idra 
F average o f 21 basic g ra n u lite s  from Fidra
1 gabbroic g ra n u lite  composition fra n  te x t * *
2 n o r i t ic  g ra n u lite  con p o s it io n  fran  te x t * *
( a l l  xe n o lith  data taken fra n  Hunter e t a l 1984)
* *  fe ld spa r norms ca lcu la ted  fra n  spec ified  m ineral compositions
f ig u re  5 .6
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Model of the crust under the Midland V a lley o f Scotland
0   re fra c to r
Carboniferous & Upper 0, R, S,
Lower 0. R. S.
S ilu r ia n  +
?Ordovician
2 -  4 km ---------------------------------------------------------------------  3q re fra c to r
quartz r ic h  gneissose basement
6 -  8 km   a<j re fra c to r
quartz-pL agi odase-pyroxene ___
g ra n u lite
18 -  20 km ---------------------------------------------------------------------  ^2 re fra c to r
basic pyroxene g ra n u lite
34 -  35 km ---------------------------------------------------------------------  p^ re fra c to r
mantle
f ig u re  5.7
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5.5 Conclusion and recaimedations fo r  fu rther work
5.5.1 Conclusions
1. Th is study (along w ith  Sola 1985) has provided much more in fo rm a tio n  on 
the range and d is t r ib u t io n  o f P-wave v e lo c it ie s  in  the Palaeozoic sedimentary 
sequence o f the southern and cen tra l Midland V a lley of Scotland.
S tra tig ra p h ie  U n it P-wave v e lo c ity  range
Carboniferous & Upper 0 ,R.S, 3.2 -  4 .0  km s’ *
Lower Old Red Sandstone 4.0 -  5.2 km S“ *
S ilu r ia n  (& TOrdovician) 3.5 -  5 .5  km s"**
These re s u lts  must there fore  supercede previous published v d o c ity  values 
fo r  th e  su rfa ce  sed im ents in  th e  M id land V a lle y  ( ie  th e  LOW NET and LISPB 
v d o c ity  m odels).
2 . W hile the broad geom etrical in te rp re ta t io n  o f the LISFB ag re fra c to r  is  
n o t questioned, i t s  geolog ica l in te rp re ta t io n  as marking the top  o f a Lower 
P a laeozo ic  sed im en ta ry  sequence has been d is c re d ite d . Comparisons o f  t h is  
s tu d y 's  in t e r p r e ta t io n  o f the ag r e f r a c to r  bo th  w ith  s im i la r  s tu d ie s  
w o r ld w id e  o ve r c r a to n ic  a re a s , and w i t h  u lt r a s o n ic ,  h igh  p ressu re  
measurements o f P & S-wave v d o  c i t ie s  on cores o f va rious l i th o lo g ie s  suggest 
th a t  the  ag r e f r a c to r  i s  p robab ly  due to  th e  presence, on a re g io n a l sca le , 
o f q u a r tz - fd d s p a r  r ic h , c ry s ta l l in e  rock (e ith e r  igneous or metamorphic (o r 
a m ix tu r e  o f  b o th ) ) .  T h is  i n t e r p r e t a t io n  i s  c o n s is te n t w ith  o th e r, 
independen t l in e s  o f evidence from  w ith in  the M id land  V a lle y  such as 
x e n o li th s  ( eg Upton e t  a l 1 984; Upton e t  a l 1983) and cong lom era te  
provenance studies (eg Bluck 1983; Longman e t a l 1979).
3. W ith in  the  l im i t s  o f re so lu tio n  o f the ray m odelling ( -  /7 0  m), there  
i s  no ev idence to  suggest th a t  the ag r e f r a c to r  i s  a ffe c te d  by p r e - la te
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Carboniferous fa u lt in g . On the contrary, there i s  good evidence th a t in  some 
areas (eg the Lesmahagow in l i e r  and around the Southern Uplands fa u l t  near 
B iggar), there  has been no s ig n if ic a n t v e r t ic a l movement o f the basement in  
response to  va ria b le  and o ften  la rg e  v e r t ic a l movements in  o ve rly ing  a c tive  
f  auL ts .
This im p lie s  e ith e r  th a t these surface fa u lts  must sole out in to  a shallow 
( < 4 km) d e co lle m e n t zone, a n d /o r ro u te  in to  a m a jo r basement s t r ik e  s l ip  
lin e a m e n t. The SUF cannot now be regarded as th e  sou thern  m a rg in  o f the  
M id land  V a lle y  basanent, on ly  as the sou thernm ost m a jo r f a u l t  w ith  a 
s ig n if ic a n t  d ip  s l ip  component. Equally i t  cannot be regarded as the outcrop 
o f the s d e  th ru s t o f the Southern Uplands accre tionary prism a llo c h thon as 
f i e l d  evidence suggests a near v e r t ic a l ,  near su rface  f r a c tu r e  whereas a 
major shallow th ru s t would have a more s inuso ida l surface trace. Also B luck 
( 1983; 1984) has presen ted  evidence to  suggest e a r l ie r  th ru s t  emplacement 
during Ludlow or P r id o li times ( la te  S ilu r ia n  times).
4. Using both geophysical data and geologica l in te rp re ta t io n  from the LISFB 
study a c ross  the M id land V a lle y  has p rov id ed  an in te r p r e ta t io n  fo r  the a-] 
r e f r a c t in g  la y e r  w h ich  i s  c o n s is te n t w ith  both th a t  data and th e  evidence 
a v a ila b le  from  x e n o lith s . The ag /  a  ^ in te r fa c e  is  cons ide red  to  be the 
re s u lt  o f the change in  metamorphic fa c ie s  from sm ph ibo lite  to  g ra n u lite  in  
q u a r tz - f e ldspar r ic h  rocks.
5.5 .2  Recoomendatiens fo r fu rther work
1. L a te  stage f i l t e r i n g  o f  data from  the  H illh o u s e  -  Broughton p r o f i le  
showed considerable enhanconent in  the o v e ra ll q u a lity  o f S-waves. I t  should 
now be poss ib le  to  ra y -tra ce  th is  data to  ob ta in  a v e lo c ity  model which would 
give d e ta ile d  Vp/Vg and Poisson's ra t io  d is t r ib u t io n s  across the p r o f i la  I t  
m ig h t  th e n  be p o s s ib le  to  a t te m p t  m o d e l l in g  o f  a g g re g a te  m in e ra l 
d is t r ib u t io n s  (eg a fte r  H a ll & A l i  1985; and Christensen & Fountain 1975). I f
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successful, th is  would provide a q u a li ta t iv e  geolog ica l in te rp re ta t io n  o f the 
nature o f the Bq re fra c to r.
2 . The re c o rd in g  o f  more re ve rsed  r e f r a c t io n  l in e s  ( > 50 km) a c ross  th e  
cen tra l Midland V a lley and Northern B e lt  of the Southern Uplands would allow 
the extension and q u a li f ic a t io n  o f the ag regional map presented her a
3. Long r e f r a c t io n  l in e s  such as those de scrib e d  in  2. above w ou ld  a lso  
provide in fo rm a tio n  to  model the s tru c tu re  of the a^  (6.4 km s’ **) re fra c to r , 
and i f  good q u a l i t y  S-waves could be recorded , then some a tte m p t could be 
made a t  r e f in in g  th e  LISPB Poisson’ s r a t i o  s t ru c tu re  and p o s s ib ly  g iv in g  a 
g rea te r in s ig h t  in to  the nature o f the ag /  a<| in te r fa c a
4. The use o f modern s e is m ic  r e f le c t io n  equipm ent and in t e r p r e t iv e  
tech n iq u e s  cou ld  p ro v id e  a means o f in v e s t ig a t in g ,  in  g re a te r d e ta i l ,  
se lected areas w ith in  the Midland V a lley  where m odelling  o f re fra c tio n  data 
has h ig h lig h te d  probable s tru c tu ra l com plexity. The s i l l - l i k e  bodies o f the 
P-wave ray model ( f ig u r e  4.34) co u ld  be in v e s t ig a te d  in  g re a te r  d e ta i l  by 
t h is  means. I f  the appa ren t la c k  o f a d e n s ity  c o n tra s t between the  lo w e s t 
Lower Palaeozoic sediments and the top o f the ag basement i s  confirmed (eg by 
m in e ra l m o d e llin g ) , then th e re  is  u n lik e ly  to  be much o f an impedance 
c o n tra s t and so mapping o f  basement s t ru c tu re  by t h is  means cou ld  be 
d i f f i c u l t .
5. As d e sc rib e d  in  5 .3 , th e  use o f c lo s e ly  spaced re c e iv e rs  in  s h o r t 
p ro f i le s  (spacing around 100 m, p ro f i le  leng th  around 2.5 km) and a s u ita b le  
strong source o f S-waves, could provide a means o f de tec ting  major basement 
fra c tu re  zones. This could have co n s id e ra b le  im p a c t on the post^C a ledon ian  
te c to n ic  h is to ry  o f the Midland V a lley  as w e ll as i t s  nature and o r ig in s .
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A ppendix 2 Q uarry  lo c a tio n s  and shot o r ig in  tim e s .
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A ppe ndi x  3A T r a v e l  t i m e  d a t a  ( P - w a v e s )
CORNSTONES SHOT 10 SEPT 1982
RANGE PT DI ST ST ERR TR TIME ST ERR RED TIME ST ERR AZIMUTH SI TE NAME
0 . 2  84 0 . 2 8 4 0 .006 0 . 1 0 5 0 . 0 04 0 . 0 5 8 0 . 0 0 4 1 6 2 . 5 2 5 FORKINGS SITE
0 . 2 9 2 0 . 2 9 2 0 . 0 0 6 0 . 1 1 7 0 . 0 04 0 .06 8 0 . 0 0 4 1 6 0 . 9 4 2
0 . 7 0 8 0 . 7 0 8 0 .012 0 . 2 1 6 0 . 0 0 4 0 . 0 9 8 0 . 004 1 1 4 . 2 0 9 ROADSIDE SI TE
1 . 1 2 6 1 . 1 2 8 0 . 0 1 2 0 . 2 2 9 0 . 0 04 0 . 0 4 1 0 . 0 0 4 96 .621 STREAM S IT E
1 . 5 5 8 1 . 5 58 0 . 0 1 4 0 . 3 8 0 0 . 0 0 5 0 . 1 2 0 0 . 0 0 6 87 . 0 55 1 B
2 .097 2 .097 0 . 0 1 6 0 . 4 7 7 0 . 0 0 5 0 . 1 2 8 0 . 0 0 6 6 0 . 8 6 6 5A
2 . 1 2 1 2 . 1 21 0 . 0 1 6 0 . 5 4 5 0 . 0 0 5 0 . 1  91 0 . 0 0 6 116 .6 2 5 3B
2 . 5 0 0 2 . 5 0 0 0 . 0 1  8 0 . 5 9 3 0 . 0 1 0 0 . 1 7 6 0 . 0 11 22 .461 1 A
2 . 8 6 0 2 . 8 6 0 0 . 0 2 4 0 . 6 4 2 0 . 0 0 5 0 . 1 6 5 0 . 0 0 7 37 .47 1 4A
2 . 9 3 6 2 . 9 3 6 0 . 0 2 4 0 . 6 7 1 0 . 0 0 5 0 . 1  82 0 . 0 0 7 81 . 773 53
3 . 5 3 0 3 . 5 3 0 0 . 021 0 . 7 8 8 0 . 0 0 5 0 . 2 00 0 . 0 0 6 8 0 . 3 7 8 63
4 . 1 0 6 4 .106 0 . 0 2 3 0 . 8 9 4 0 . 0 05 0 . 2 1 0 0 . 0 0 7 3 5 0 . 6 0 7 2A
4 . 4 7 2 4 . 4 7 2 0 . 0 2 4 0 . 9 9 1 0 . 0 0 5 0 . 246 0 . 0 0 7 7 7 . 4 7 1 73
6 . 6 5 9 6 . 6 5 9 0 . 0 2 9 1 . 3 80 0 . 0 1 0 0 . 2 7 0 0 . 0 1 1 6 1 . 5 6 8 6A
MID CROFT SHOT 9 SEPT 1982
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SI TE NAME
1 . 2 66 1 . 26 6 0 . 0 0 8 0 . 3 5 7 0 . 0 0 6 0 . 1  46 0 . 0 0 6 201 .801 8A
3 . 8 6 9 3 . 8 8 9 0 . 0 1 4 0 . 8 8 1 0 . 0 0 6 0 . 2 3 3 0 . 0 0 6 164 . 64 2 2A
6 . 5 1 3 6 . 51 3 0 . 0 2 9 1 .3 96 0 . 0 0 6 0 . 3 1 0 0 . 0 0 8 1 4 8 . 1 1 6 4A
7 . 6 4 4 7 . 6 4 4 0 . 02 0 1 . 5 8 0 0 . 006 0 . 3 0 6 0 . 0 0 7 152 .4 96 5A
8 . 3 7 9 8 . 3 7 9 0 . 0 2 0 1 . 7 6 5 0 . 0 0 4 0 . 3 6 9 0 . 0 0 5 1 5 7 . 1 3 8 1 B
8 . 8 6 5 8 . 8 6 5 0 . 0 2 1 1 . 8 33 0 .006 0 . 3 5 6 0 . 0 0 7 1 2 1 . 5 0 2  ' 6A
8 . 6 9 9 8 . 6 9 9 0 . 0 3 3 1 . 7 1 6 0 . 0 0 6 0 . 2 6 6 0 . 0 0 8 1 4 8 . 0 3 7 5B
8 . 8 7  8 8 . 8 7 8 0 . 0 2 1 1 . 8 0 4 0 . 0 1 0 0 . 3 2 4 0 . 0 1 1 144 . 3 0 5 63
9 . 1 3 5 9 . 1 3 5 0 . 0 2 1 1 . 8 7 2 0 . 0 1 0 0 . 3 5 0 0 . 0 1 1 1 3 8 . 3 9 5 7B
GREIVEHILL SHOT 14 SEPT 1982
RANGE PT D IST ST ERR TR T IME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
18 . 3 40 18 .3 40 0 . 0 2 2 3 . 6 1 1 0 . 006 0 . 5 5 4 0 .007 2 8 . 3 6  9 6A
1 5 . 6 9 8 1 5 . 6 9 8 0 . 0 2 0 3 . 1 7 4 0 . 0 0 6 0 . 5 5 8 0 . 0 0 7 27 . 3 9 9 73
1 4 . 9 6 6 1 4 . 9 6 6 0 . 0 2 0 3 . 0 2 9 0 . 0 0 6 0 . 5 3 5 0 . 0 0 7 25 .06 0 63
1 4 . 5 7 5 1 4 . 5 7 5 0 . 0 3 8 2 .961 0 . 0 0 6 0 . 5 3 2 0 . 0 0 9 2 3 . 2 9 5 5B
1 5 . 9 1 6 1 5 . 9 1 6 0 . 0 2 0 3 . 2 1 3 0 . 0 0 6 0 . 5 6 0 0 . 0 0 7 1 6 . 7 9 5 4A
1 4 . 7 5 2 1 4 . 7 5 2 0 . 0 2 0 2 . 9 9 0 0 . 0 0 6 0 . 5 3 1 0 . 0 0 7 1 8 . 5 3 3 5A
1 3 . 6 9 6 1 3 . 6 9 6 0 . 0 1 9 2 . 7  86 0 . 0 0 6 0 . 5 0 3 0 . 0 0 7 2 1 . 7 9 1 43
1 3 . 7 7 3 1 3 . 7 7 3 0 . 0 1 9 2 . 8 2 5 0 . 0 0 6 0 . 5 2 9 0 . 0 0 7 1 8. 69 1 I B
1 5 . 7 4 6 1 5 . 7 4 6 0 . 0 2 0 3 . 2 2 3 0 . 0 1 0 0 . 5 9 9 0 . 0 1 1 1 4 . 0 1 8 1 A
1 2 . 9 2 3 1 2 . 9 2 3 0 . 0 1 8 2 . 6 6 0 0 . 0 1 5 0 . 5 0 6 0 . 0 1 6 21 . 584 35
19 . 6 0 4 1 9 . 6 0 4 0 . 0 2 3 3 . 8 5 4 0 . 0 0 6 0 . 5 8 7 0 . 0 0 7 2 . 0 1 4 8A
2 6 8
HILLHOUSE Q 20  JUNE 1984 ( C )
RANGE PT D IST ST ERR TR TIME ST ERR RED THE ST ERR AZIMUTH S I T E  NAME
2 . 8 6  4 
4 . 9 2 5
2 .86 4 
4 . 9 2 5
0 . 0 3 5
0 . 0 4 6
0 . 7 4 2
1 . 3 7 9
0 . 0 1 1  0 . 2 6  5 
0 . 0 1 1  0 . 5 5 8
0 .012  
0 . 0 1 3
9 0 . 7 0 0
8 9 . 8 2 5
CROOKS FM 
FORTACRES FM
HILLHOUSE Q 2 AUGUST• 1984
RANGE PT D IST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
1 1 . 8 2 3  
11 . 9 7 8  
1 2 . 1 2 6  
6 8 . 0 9 0  
7 3 . 2 7 7
1 1 . 8 2 3  
11 . 9 7 8  
1 2 . 1 2 6  
6 8 . 0 9 0  
7 3 . 2 7 7
0 . 0 7 1  
0 . 0 7 0  
0 .056  
0 . 1 7 0  
0 . 1 7 6
2 . 7 1 0
2 . 8 5 1
2 . 8 4 6
1 2 . 0 1 4
12 .6 91
0 . 0 0 4  0 . 7 4 0  
0 . 0 0 6  0 . 8 5 5  
0 . 0 0 4  0 . 8 2 5  
__0,.004. - - 0 . 666  
0 . 0 0 4  0 . 4 7 8
0 . 0 1 3  
0 . 0 1 3  
0 . 0 1 0  
0 . 0 2 9  
0 . 030
9 3 . 6 1 3  
1 0 4 . 5 7 3  
1 3 8 . 0 5 5  
8 6 . 9 5 6  - 
87 . 4 6 2
AIRD FM 
TANNOCHILL FM 
BURN FM 
-  LANGLEES Q
KIRKLAWHILE FM
HILLHOUSE (3 17 DEC 1982
RANGE PT D IST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SI TE NAME
4 . 9 2 5  
6 . 1 3 1  
7 . 5 0 8  
8 . 8 2 4
4 . 9 2 5
6 . 1 3 1
7 . 5 0 8
8 . 8 2 4
0 . 0 2 5
0 . 0 2 8
0 . 0 3 1
0 . 0 3 3
1 . 3 7 9  
1 . 6 42  
1 . 9 5 3  
2 . 2 1 7
0 . 0 0 6  0 . 5 5 8  
0 . 0 1 1  0 . 6 2 0  
0 . 0 0 7  0 . 7 0 2  
0 . 0 1 1  0 . 7 4 6
0 . 0 0 7
0 . 0 1 2
0 . 0 0 9
0 . 0 1 2
8 9 . 5 9 3  
96 . 65 0  
9 2 . 6 7 2  
9 2 . 7 3 5
FORTACRES FM 
STAFFLER RES 
DONKEY S IT E  
HILLHOUSE FM
HILLHOUSE Q 22 MARCH 1983
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SI TE NAME
1 0 . 1 2 5
1 0 . 7 4 6
1 1 . 8 1 1
1 2 . 9 6 2
1 3 . 8 4 8
1 0 . 1 2 5  
1 0 . 7 4 6  
11 .811  
1 2 . 9 6 2  
1 3 . 8 4 8
0 . 0 9 7
0 . 1 0 0
0 . 1 0 5
0 . 1 0 9
0 . 1 1 3
2 . 3 9 0
2 . 5 1 7
2 . 7 1 7
2 . 9 1 3
3 . 0 7 4
0 . 0 1 1  0 . 7 " 2  
0 . 0 1 1  0 . 7 2 6  
0 . 0 1 1  0 . 7 4 9  
0 . 0 1 1  0 . 7 5 3  
0 . 0 1 1  0 . 7 6 6
0 . 0 2 0
0 . 0 2 0
0 . 0 2 1
0 . 0 2 1
0 . 0 2 2
9 2 . 0 3 8  
9 1 . 9 4 1  
9 3 . 4 1 2  
9 0 . 4 2 4  
8 8 . 4 8 5
GATEHEAD FM 
DALLARS FM 
AIRD FM 
OVERLANDS FM 
DRUMDROCH FM
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HILLHOUSE Q 10 MARCH 1983
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
1 2 . 9 6 2  
1 4 . 9 3 2  
1 6. 00 1  
21 . 0 0 4  
2 5 . 4 7 7
1 2 . 9 6 2  
1 4 . 9 3 2  
16 .001  
21 . 00 4  
2 5 . 4 7 7
0 . 1 0 9
0 . 1 1 8
0 . 1 2 2
0 . 1 3 9
0 . 1 5 4
2 . 9 1 3  
3 . 2 1 5  
3 . 4 5 4  
4 . 3 4 8  
5 .0 10
0 . 0 1 0
0 . 0 1 1
0 . 0 1 1
0 . 0 1 0
0 . 0 1 0
0 . 7 5 3
0 . 7 2 6
0 . 7 8 7
0 . 8 4 7
0 . 7 6 4
0 . 0 2 1
0 . 0 2 3
0 . 0 2 3
0 . 0 2 5
0 . 0 2 8
9 0 . 4 2 4  
8 9 . 4 4 7  
8 9 . 1 4 1  
8 6 . 3  42 
8 4 . 0 6 3
OVERLANDS FM 
MIL RIG FM 
SORNHILL FM 
HARDHILL SITE  
ALLAN TON Q S IT E
HILLHOUSE Q 1 SEPT 1982
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SI TE NAME
1 7 . 0 0 1 17 .001 0 . 0 4 6 3 . 7 5 6 0 . 0 0 6 0 . 9 2 3 0 . 0 1 0 8 8 . 6 2 8 CAIRNHILL FM
21 . 0 0 4 21 . 0 0 4 0 . 0 5 1 4 . 3 4 8 0 . 00 6 0 . 8 4 7 0 . 0 1 0 8 6 . 3 3 7 HARDHILL A SI TE
21 . 026 2 1 . 0 2 6 0 .0 51 4 . 3  53 0 . 0 0 6 0 . 8 4 9 0 . 0 1 0 86 .286 HARDHILL B SITE
30 . 6 5 8 3 0 . 6 5 8 0 . 0 6 2 5 . 8 3 8 0 . 0 0 6 -  0 . 72-8 -- 0 . 0 1 2 - 8 5 . 0  84 - HALLS BURN ( 8 A )
3 2 . 0 4 6 3 2 . 0 4 6 0 . 0 6 3 6 . 0 8 1 0 . 0 0 6 0 . 7 4 0 0 . 0 1 2 8 9 . 0 0 7 2 k
3 2 . 9 3 4 3 2 . 9 3 4 0 . 0 6 4 6 . 2 3 7 0 . 0 1 0 0 . 7 4 8 0 . 0 1 5 9 3 . 4 0 8 3A
3 3 . 7 1 4 3 3 . 7 1 4 0 . 0 6 5 6 . 4 0 2 0 . 0 1 0 0 . 7 8 3 0 . 0 1 5 9 2 . 8 7  0 1A
34 . 4 9 9 34 . 4 9 9 0 . 0 8 3 6 . 4 8 9 0 . 00 6 0 . 7 3 9 0 . 0 1 5 9 2 . 8 7 1 4A
3 4 . 6 7 4 3 4 . 6 7 4 0 . 0 6 6 6 . 5 1 8 0 . 0 0 6 0 . 7 3 9 0 . 0 1 2 9 4 . 9 2 7 5A
3 8 . 5 8 1 38 .581 0 .06 9 7 . 1 4 7 0 . 0 0 6 0 . 7 1 7 0 . 0 1 3 91 . 2 3 0 6A
HILLHOUSE Q 16 JUNE 1983
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SI T!
21 . 0 1 4 21 . 0 1 4 0,.051 4 . 3 5 5 0,.007 0,.853 0.,011 8 6 . 2  86 1C
23 . 1 2 3 23 . 1 2 3 0,.054 4 . 656 0, .007 0,. 802 0 ,.012 86 . 0 9 9 2C
41 . 3 5 8 41 . 3 5 8 0,. 0 7 2 7 . 4 8 8 0,. 00 5 0,.595 0,. 013 84 . 0 7 9 ID
44 .01 8 44 . 0 1 8 0,.074 8 .051 0,. 00 5 0,. 715 0,.013 8 6 . 1 9 4 2D
50 . 3 2 9 50 . 3 2 9 0,. 0 7 9 9 .061 0,. 03 0 0,. 673 0,.033 8 1 . 1 5 7 3D
56 . 8 8 5 56 . 8 8 5 0,. 08 4 10 . 1 2 9 0,.007 0 . 64 8 0,.016 8 5 . 1 6 0 I E
69 . 3 3 8 60 . 3 3 8 0,. 093 12 . 0 9 4 0,.040 0,. 5 3 8 0,.043 8 9 . 1 6 5 6E
HILLHOUSE 0  2 JUNE 1983
RANGE PT D I ST  ST ERR TR T IME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
2 3 . 1 2 9  2 3 . 1 2 9  0 . 0 9 9  4 . 6 3 0  0 . 0 1 1  0 . 7 7 5  0 . 0 2 0  8 6 . 0 7 5  2C
56 .891 5 6 . 8 9 1  0 . 1 5 5  1 0 . 1 1 9  0 . 0 1 2  0 . 6 3 7  0 . 0 2 9  85 . 1 5 0  I E
5 8 . 8 5 8  5 8 . 8 5 8  0 . 1 5 8  1 0 . 4 2 1  0 . 0 1 2  0 . 6 1 1  0 . 0 2 9  8 6 . 0 0 0  2E
6 5 . 5 2 2  6 5 . 5 2 2  0 . 1 6 7  11 . 5 7 5  0 . 0 1 2  0 . 6 5 5  0 . 0 3 0  86 . 78 2  4E
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RANGE PT D I ST  ST ERR TR TIME
HILLHOUSE Q 2 5 / 3 / 7 7  
ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
7 4, . 81 2 74, .812 0 ,.435 12,.85 9 0 ,.01 4 0 ,.390 0 ,.074 91 ,.379 S4 BTN
76, . 143 76, .143 0,. 43 8 13,.053 0,. 014 0 ,. 3 62 0,. 07 4 90, .489 S3 BTN
76, . 70 4 76 ,.704 0 ,. 440 13,.247 0,.01 4 0 ,.463 0 ,.075 87 ,.175 N2 BTN
76, . 94 0 76, .940 0,.441 13,.1 89 0,. 014 0 ,.366 0,. 0 7 5 89, .926 S2 BTN
77, .27 5 77 ,. 275 0 ,.442 13,.305 0,.01 4 0 ,.426 0 ,.075 88, .050 N3 BTN
77 ,. 7 2 2 77 ,. 72 2 0,.443 13,. 305 0 ,. 014 0,.351 0 . 0 7 5 89 . 01 2 SI BTN
79, . 1 3 2 79, . 132 0,.447 13,.480 0 ,.01 4 0,.291 0,.076 89, .660 N4 BTN
DUN DU FF 8 JULY 1983
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
- 2 2 . 3 2 1 2 0 . 8 2 4 0 . 1 0 1 4 . 10 5 0 . 0 0  8 0 . 3  85 0 . 0 1 8 2 5 5 . 4 2 0 “ HARDHILL 1
- 2 0 . 2 3 7 2 2 . 9 0 8 0 . 0 9 7 3 . 6 9 9 0 . 0 0 8 0 . 3 2 6 0 . 0 1 8 2 5 4 . 5 0 3 2C
- 1 7 . 8 0 1 2 5 . 3 4 4 0 . 0 90 3 . 2 9 0 0 . 0 0 8 0 . 3 2 3 0 . 0 1 7 2 5 5 . 6 6 6 ALLAN TON 1
- 3 . 0 7 0 40 . 0 7 5 0 . 0 5 0 0 . 6 4 8 0 . 0 0 6 0 . 1 3 6 0 . 0 1 0 207 . 8 3 4 ID
4 . 27 7 4 7 . 4 2 2 0 .061 0 . 8 8 9 0 . 00 6 0 . 1 7 6 0 . 0 1 2 161 . 586 2D
7 . 2 0 0 50 . 34 5 0 . 0 5 6 1 . 5 1 8 0 . 0 0 6 0 . 3 1 6 0 . 0 1 1 8 3 . 9 6 5 3D
14 . 2 7 9 57 . 4 2 4 0 . 0 7 9 2 . 7 5 5 0 . 0 0 8 0 . 3 7 5 0 . 0 1 5 9 8 . 7 8 2 IE
1 6 . 3 9 5 5 9 . 5 4 0 0 . 0 8 5 3 . 1 5 2 0 . 0 0 8 0 . 4 2 0 0 . 0 1 6 100.■'32 2E
21 . 2 7 0 64 . 4 1 5 0 . 0 9 6 4 . 0 9 7 0 . 0 1 0 0 . 5 5 2 0 . 0 1 9 9 6 . 3 5 4 3E
2 3 . 0 8 2 66 .227 0 . 1 0 0 4 . 4 3 4 0 . 0 0 8 0 . 5 8 7 0 . 0 1 8 9 8 . 2 5 0 4E
27 . 4 1 8 7 0 . 5 6 3 0 . 1 1 1 5 . 1 0 4 0 . 0 0 8 0 . 5 3 4 0 . 0 2 0 1 0 2 . 5 7 6 6E
DUNDUFF Q 2 JUNE 1983 ( C)
RANGE PT D IST  ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SI TE NAME
1 4 . 2 7 9  5 7 . 4 2 4  0 . 0 7 9  2 . 7 6 1  0 . 0 0 8  0 . 3 8 1  0 . 0 1 5  9 8 . 7 8 2  I E
16 . 3 9 5  59 . 5 4 0  0 . 0 8 5  3 . 1 6 9  0 . 0 0 8  0 . 4 3 7  0 . 0 1 6  1 0 0 . 1 3 2  2E
21 . 2 7 0  6 4 . 4 1 5  0 . 0 9 6  4 . 0 9 9  0 . 0 1 0  0 . 5 5 4  0 . 0 1 9  96 . 35 4  3E
2 3 . 0 8 2  6 6 . 2 2 7  0 . 1 0 0  4 . 4 0 0  0 . 0 0 8  0 . 5 5 3  0 . 0 1 8  9 8 . 2 5 0  4E
DUNDUFF Q 8 JUNE 1983 (C)
RANGE PT DI ST  ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SI TE NAME
- 2 0 . 2 3 7  2 2 . 9 0 8  0 . 0 9 7  3 . 6 7 9  0 . 0 0 8  0 . 3 0 6  0 . 0 1 8  2 5 4 . 5 0 3  2C
-17 . 7 8 3  2 5 . 3 6 2  0 . 0 9 0  3 . 2 9 0  0 . 0 1 0  0 . 3 2 6  0 . 0 1 8  2 5 5 . 8 9 7  3C
- 7 . 3 1 0  3 5 . 8 3 5  0 . 0 5 6  1 . 481  0 . 0 0 6  0 . 2 6 3  0 . 0 1 1  2 6 2 . 5 3 2  6C
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1 4 . 2 7 9  5 7 . 4 2 4
16 . 3 95  59 .540
0 . 0 7 9  
0 . 08 5
2 . 7 7 2
3 . 1 6 9
0.008
0.008
0 . 3 9 2  
0 .437
0 . 0 1 5  9 8 . 7 8 2
0 . 0 1 6  1 0 0 . 1 3 2
1 E
2E
DUN DU FF JANUARY/FEBRUARY 1983  
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
- 0 . 1 7 3  4 2 . 9 7 2  0 . 0 0 9  0 . 0 4 0  0 . 0 0 4  0 . 0 1 1  0 . 0 0 4  2 3 6 . 7 6 8  DUND Q CORNER
- 1 . 5 0 8  4 1 . 6 3 7  0 . 0 2 5  0 . 3 2 9  0 . 0 0 4  0 . 0 7 8  0 . 0 0 6  2 4 4 . 8 8 0  STARBIRNS FM
- 5  .4 37  37 . 7 0 8  0 . 1 2 6  1 . 0 60  0 . 0 0 6  0 . 1 5 4  0 . 0 2 2  2 4 5 . 3 2 1  ARA BURN
-17 .671  2 5 . 4 7 4  0 .087 3 . 2 8 6  0 . 0 0 6  0 . 3 4 1  0 . 0 1 6  255 . 8 50  ALLAN TON Q
DUNDUFF OCTOBER/NOVEMBER 1981
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH. _ - S I T E  NAME-----------------
- 0 . 2 0 0 4 2 . 9 5 4 0 . 0 0 5 0 . 0 3 8 0 . 0 0 7 0 . 0 0 5 0 . 0 0 7 2 7 0 . 0 0 0 MUIRHOUSE FM (E)
0 . 9 94 4 4 . 1 4 8 0 . 0 1 1 0 . 2 3 4 0 . 0 0 7 0 . 0 6 8 0 . 0 0 7 9 9 . 2 7 3 MUIRSLAND FM 1
1 . 2 75 4 4 . 4 2 9 0 . 0 1 3 0 . 3 0 0 0 . 0 0 7 0 . 0 8 7 0 . 0 0 7 9 4 . 9 5 0 MUIRSLAND FM 1 A
1 . 4 6 2 4 4 . 6 1 6 0 . 0 1 4 0 . 3 2 9 0 . 0 0 7 0 . 0 8 5 0 . 0 0 7 97 .0 7 6 MUIRSLAND FM 2
1 . 7 0 0 44 .8 5 4 0 . 0 1 5 0 . 3 9 5 0 . 0 0 7 0 . 1 1 2 0 . 0 0 7 96 . 0 8 0 MUIRSLAND FM 3
4 . 3 1 4 4 7 . 4 6 8 0 . 0 2 3 0 . 9 5 2 0 . 0 0 7 0 . 2 3 3 0 . 0 0 8 92 . 5 2 4 BOGSIDE FM 1
4 . 4 7 3 47 .6 27 0 .024 0 . 9 7 7 0 . 0 0 7 0 . 2 3 1 0 . 0 0 8 92 .0 50 BOGSIDE FM 2
4 . 6 2 3 4 7 . 7 7 7 0 . 0 2 4 1 . 0 0 3 0 . 0 0 7 0 . 2 3 3 0 . 0 0 8 91 . 9 83 BOGSIDE FM 3
6 . 5 6 1 4 9 . 7 1 5 0 . 0 2 9 1 . 3 9 8 0 . 0 0 7 0 . 3 0 5 0 . 0 0 9 8 9 . 3 8 9 DARNFILLAN FM 1
6 . 6 2 0 4 9 . 7 7 4 0 . 0 2 9 1 . 4 1 9 0 . 0 0 7 O . 3 I 6 0 . 0 0 9 8 9 . 9 1 3 DARNFILLAN FM 2
6 . 6 9 2 4 9 . 8 4 6 0 . 0 2 9 1 .431 0 . 0 0 7 0 . 3 1 6 0 . 0 0 9 91 . 19 9 DARNFILLAN FM 3
7 . 5 40 5 0 . 6 9 4 0 . 0 3 1 1 .591 0 . 0 0 7 0 . 3 3 4 0 . 0 0 9 9 0 . 0 7 6 GREENHILL FM 1
7 .721 5 0 .87 5 0 . 0 3 1 1 . 6 10 0 . 0 0 7 0 . 3 2 3 0 . 0 0 9 9 0 . 8 1 6 GREENHILL FM 2
7 - 9 3 2 51 . 086 0 . 0 3 1 1 . 6 6 3 0 . 0 0 7 0 . 341 0 . 0 0 9 91 . 3 7 3 GREENHILL FM 3
8 . 9 3 2 5 2 . 0 8 6 0 . 0 3 3 1 .87 8 0 . 0 0 7 0 . 3 8 9 0 . 0 0 9 9 1 . 0 2 6 LANGSIDE FM 1
9 . 1 5 2 5 2 . 3 0 6 0 . 0 3 4 1 . 92 3 0 . 0 0 7 0 . 3 9 8 0 . 0 0 9 9 1 . 2 5 2 LANGSIDE FM 2
9 . 3 3 2 5 2 . 4  86 0 . 0 3 4 1 . 967 0 . 0 0 7 0 . 4 1 2 0 . 0 0 9 91 . 04 4 LANGSIDE FM 3
CAIRNGRIFFE 26 AUG 198 2
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SI TE NAME
- 4 . 9 0 1 5 4 . 0 9 9 0 . 0 3 1 1 . 161 0 . 0 0 5 0 . 3 4 4 0 . 0 0 7 246 .417 SANDILANDS FM
- 7  .0 87 5 2 . 8 1 3 0 . 0 3 0 1 .547 0 . 0 0 5 0 . 3 6 6 0 . 0 0 7 269 . 0 7 0 LANGSIDE FM A
- 7 . 1 6 7 5 2 . 7 3 3 0 . 0 3 0 1 . 5 7 4 0 . 0 0 5 0 . 3 8 0 0 . 0 0 7 26 4 . 1 2 0 LANGSIDE FM B
- 1 4 . 7 1 0 4 5 . 1 9 0 0 . 0 4 3 3 . 0 1 8 0 . 0 0 4 0 . 5 6 6 0 . 0 0 8 2 7 0 . 0 7 8 MUIRSLAND FM A
-1 4 . 7 9 0 4 5 . 1 1 0 0 . 0 4 3 3 . 0 3 0 0 . 0 0 4 0 . 5 6 5 0 . 0 0 8 2 7 0 . 1 5 5 MUIRSLAND FM B
- 1 6  . 6 3 9 4 3 . 26 1 0 . 0 4 6 3 . 3 8 0 0 . 0 0 5 0 . 6 0 7 0 . 0 0 9 2 6 8 .  175 DUNDUFF Q S I T E
- 2 2 . 0 8 7 3 7 . 8 1 3 0 . 0 5 3 4 . 2 6 5 0 . 0 0 5 0 . 5 8 4 0 . 0 1 0 2 4 9 . 0 4 2 6A
- 2 6  . 2 5 8 33 . 6 42 0 . 0 7 2 4 . 9 64 0 . 0 0 5 0 . 5 8 8 0 . 0 1 3 2 5 0 . 4 2 0 4A
- 2 6  . 6 2 0 3 3 . 2 8 0 0 . 0 5 8 4 . 9 9 3 0 . 0 0 5 0 . 5 5 6 0 . 0 1  1 247 . 8 1 9 5A
- 2 6 . 9 8 6 3 2 . 9 1 4 0 . 0 5 8 5 . 1 1 0 0 . 0 0 5 0 . 6 1 2 0 . 0 1 1 251 . 0 5 8 1A
- 2 7 . 8 2 6 3 2 . 0 7 4 0 . 0 5 9 5 . 2 0 7 0 . 0 0 5 0 . 5 6 9 0 . 0 1 1 251 . 0 6 4 3A
- 2 8 . 0 4 3 3 1 . 857 0 . 0 5 9 5 . 2 7 5 0 . 0 0 5 0 . 6 0 1 0 . 0 1 1 2 5 5 . 5 0 3 2A
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- 2 8 . 9 9 3 3 0 . 9 0 7 0 . 0 6 0 5 . 4 3 0 0 . 0 0 5 0 . 5 9 8 0 . 0 1 1  2 6 1 . 1 8 1 8A
CAIRNGRYFFE 14 SEPT 1982 (CORR.)
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
- 2 2 . 0 6  4 3 7 . 8 3 6 0 . 0 3 3 4 .257 0 . 0 0 7 0 . 5 8 0 0 . 0 0 9  2 4 8 . 4 7 6 6A
- 2 4 . 3 0 3 3 5 . 5 9 7 0 . 0 3 5 4 . 6 3 6 0 . 0 0 7 0 . 5 8 5 0 . 0 0 9  2 4 4 . 9 3 8 7B
- 2 5 . 2 6 6 34 . 63 4 0 . 0 3 6 4 .7 72 0 . 0 0 7 0 . 5 6 1 0 . 0 0 9  2 4 5 . 0 0 7 6B
- 2 5 . 8 5 9 3 4 . 0 4 1 0 . 0 5 7 4 . 8 9 8 0 . 0 0 7 0 . 5 8 8 0 . 0 1 2  2 4 5 . 2 0 4 5B
- 2 6  . 231 33 . 66 9 0 . 0 3 6 4 .966 0 .007 0 . 5 9 4 0 . 0 0 9  2 4 9 . 9 4 5 4A
- 2 6  . 6 0 2 3 3 . 2 9 8 0 . 0 3 6 4 . 9 9 0 0 . 0 0 7 0 . 5 5 6 0 . 0 0 9  2 4 7 . 3 4 9 5A
- 2 6  . 7 5 9 3 3 . 1 4 1 0 . 0 3 7 5 . 0 2 4 0 . 007 0 .56 4 0 . 0 0 9  244 . 51 2 4B
- 2 7 . 2 2 8 3 2 . 6 7 2 0 . 0 3 7 5 . 1 1 2 0 . 0 0 7 0 . 5 7 4 0 . 0 0 9  2 4 5 . 7 4 6 IB
- 2 6  . 95 6 3 2 . 9 4 4 0 . 0 3 7 5 . 1 3 1 0 . 0 1 1 0 . 6 3 8 0 . 0 1 3  2 5 0 . 5 9 7 1 A
- 2 7 . 3 6 3 3 2 . 5 3 7 0 . 0 3 7 5 . 141 0 . 0 0 7 0 . 5 81 0 . 0 0 9  243 .486 3B
- 2 7  . 9 9 6 3 1 . 9 0 4 0 . 0 3 7 5 . 2 9 2 0 .007 0 . 626 0 . 0 0 9  2 5 5 . 0 6 5 2A
- 2 8 . 9 2 5 3 0 . 9 7 5 0 . 0 3 8 5 . 3 4 5 0 . 0 0 7 0 . 5 2 4 0 . 0 0 9  2 6 0 . 7 6 9 8A
CLOeURN 8 JULY 1983
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
- 3 8  . 94 7 2 0 . 9 5 3 0 . 3 1 4 7 .010 0 . 0 1 2 0 . 5 1 9 0 . 0 5 4  2 6 1 . 3 33 1C
- R 6 . 8 3 8 23 . 0 6 2 0 . 3 0 5 6 . 5 7 4 0 . 0 0 8 0 . 4 3 4 0 . 0 5 1  2 6 1 . 1 6 6 2C
- 3 4 . 4 5 3 2 5 . 4 4 7 0 . 2 9 5 6 . 2 3 7 0 . 006 0 . 4 9 5 0 . 0 5 0  2 6 2 . 3 5 6 3C
- 1 8 . 5 7 1 4 1 . 3 2 9 0 . 2 1 7 3 . 5 8 6 0 . 0 0 6 0 . 4 91 0 . 0 3 7  2 6 0 . 8 1 6 ID
- 1 6 . 1 3 5 4 3 . 7 6 5 0 . 2 0 2 3 . 1 4 4 0 . 0 0 6 0 . 4 5 5 0 . 0 3 4  2 5 4 . 5 1  4 2D
- 9 . 7 5 3 5 0 . 1 4 7 0 . 1 5 7 2 . 0 2 8 0 . 006 0 . 4 0 2 0 . 0 2 7  2 7 2 . 9 8 0 3D
- 3 . 6 9 9 5 6 . 2 0 1 0 . 0 9 7 0 . 7 2 8 0 . 0 0 8 0 . 1 1 1 0 . 0 1 8  2 2 8 . 9 2 5 IE
- 3 . 2 2 5 5 6 . 6 7 5 0 . 0 9 0 0 . 6 6 5 0 . 0 0 8 0 . 1 2 7 0 . 0 1 7  1 9 ^ . 6 4 8 2E
4 . 9 7 5 6 4 . 8 7 5 0 . 1 1 2 1 . 0 94 0 . 0 1 0 0 . 2 6 5 0 . 0 2 1  121 . 5 6 2 3E
6 . 9 2 9 66 . 8 2 9 0 . 1 3 2 1 . 5 00 0 . 0 0 8 0 . 3 4 5 0 . 0 2 3  1 2 0 . 9 3 7 4E
11 . 6 5 8 71 . 5 5 8 0 . 1 7 2 2 . 3 6  4 0 . 0 0 8 0 . 4 2 1 0 . 0 3 0  1 2 2 . 2 4 5 6E
CLOBURN Q 1 6 /3 /7 7
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
1 5 . 6 9 8 7 5 . 5 9 8 0 . 0 8 2 3 . 2 0 7 0 . 0 1 1 0 . 5 9 1 0 . 0 1 8  9 8 . 1 3 0 N1 BTN
1 7 . 6 3 9 7 7 . 5 3 9 0 . 0 8 7 3 . 4 9 0 0 . 0 1  1 0 . 5 5 0 0 . 0 1 8  121 . 2 4 8 S4 BTN
1 8 . 1 4 5 78 . 04 5 0 . 0 8 8 3 . 6 1 3 0 . 0 1 1 0 . 5 8 9 0 . 0 1 6  1 0 5 . 0 7 8 N3 BTN
1 8 . 2 7 4 7 8 . 1 7 4 0 . 0 8 8 3 . 6 1 3 o . o n 0 . 5 6 7 0 . 0 1 8  1 1 5 . 9 6 2 S3 BTN
1 8 . 6 9 3 7 8 . 5 9 3 0 . 0 8 9 3 . 6 6 0 0 . 0 1 1 0 . 5 4 4 0 . 0 1 9  1 1 2 . 8 2 0 S2 BTN
1 8 . 9 7 7 7 8 . 8 7 7 0 . 0 9 0 3 . 7 1 6 0 . 0 1 1 0 . 5 5 3 0 . 0 1 9  1 0 8 . 4 6 4 SI BTN
2 0 . 6 0 3 8 0 . 5 0 3 0 . 094 4 . 0 0 9 0 . 0 1 1 0 . 5 7 5 0 . 0 1 9  1 0 9 . 5 0 8 N4 BTN
27^
DUNTILLAND Q 1 6 / 3 / 7 7
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
4 0 . 4 3 7 4 0 . 4 3 7 0 . 1 9 3 7 . 7 5 6 0 . 0 1 4 1 . 016 0 . 0 3 5 1 3 6 . 7 6 4 32 BTN
4 0 . 4 5 1 4 0 . 45 1 0 . 1 9 3 7 . 7 5 6 0 . 0 1 4 1 . 0 14 0 . 0 3 5 1 3 8 . 3 1 7 S3 BTN
4 0 . 4 5 1 4 0 . 4 5 1 0 . 1 9 3 7 . 7 8 0 0 . 0 1  4 1 . 0 3 8 0 . 0 3  5 1 4 0 . 8 2  9 34 BTN
3 5 . 6 8 4 3 5 . 6 8 4 0. 1 82 7 . 0 5 7 0 . 0 1 4 1 . 1 1 0 0 . 0 3 3 1 3 3 . 2 0 6 N1 BTN
3 8 . 8 4 2 3 8 . 8 4 2 0 . 1  90 7 . 55 9 0 . 0 1 4 1 . 0 8 5 0 . 0 3 5 1 3 3 . 8 9 4 N2 ITN
41 . 7 0 9 41 . 7 0 9 0 . 1  96 7 . 9 7 7 0 . 0 1 4 1 .026 0 . 0 3 6 1 3 4 . 2 2 3 K4 BTN
TAMS LOUP Q 1 5 / 2 / 7 7
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
37 . 5 2 5 37 . 52 5 0 . 1  86 7 . 1 1 9 0 . 0 1 4 0 . 8 6  5 0 . 0 3 4 139 .2 7 9 31 BTN
3 7 . 9 8 8 3 7 . 9 6 8 0 . 1 8 7 7 . 1 9 8 0 . 0 1 4 0 . 8 6 7 0 . 0 3 4 141 . 38 0 32 BTN
38 . 0 9 0 38 .090 0 .1 68 7 . 2 1 7 0 . 01 4 . '  0 : 8 6  9 0 . 03 4 1 4 3 . 0 2 5 “ " S3"BTN
3 8 . 4 1 4 3 8 . 4 1 4 0 . 1 8 9 7 . 2 0 7 0 . 0 1 4 0 . 8 0 5 0 . 0 3 4 1 47 . 7 2 9 34 BTN
3 3 . 0 5 3 3 3 . 0 5 3 0 . 1 7 5 6 . 47 2 0 . 0 1  4 0 . 9 6 3 0 . 0 3 2 1 3 8 . 2 2 5 K-! BTN
3 6 . 2 3 7 36 .237 0. 1 63 6 . 8 0 6 0 . 0 1 4 0 . 7 6 6 0 . 0 3 4 1 3 8 . 5 2 4 N2 BTN
3 9 . 1 1 4 3 9 . 1 1 4 0 . 1 9 0 7 . 3 9 4 0 .01 4 0 . 8 7  5 0 . 0 3 5 1 3 8 . 5 3 4 N4 BTN
CRAIG PARK Q 3 0 / 3 / 7 7
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SITE NAME.
3 4 . 9 4 0 3 4 . 9 4 0 0 . 1 2 2 6 .4 54 0 . 0 4 1 0 . 6 3 1 0 . 0 4 6 1 7 9 . 9 3 4 31 BTN
3 6 . 1 8 8 3 6 . 1 8 8 0 . 1 2 4 6 . 70 4 0 . 0 1 4 0 . 6 7 3 0 . 0 2 5 1 61 . 156 32 BTN
3 6 . 9 6 2 36 . 9 6 2 0 . 1 2 5 6 . 8 1 9 0 . 0 1 4 0 .6 4 9 0 . 0 2 5 1 8 2 . 3 7  2 33 BTN
3 8 . 1 8 9 3 8 . 1 8 9 0 . 1 2 7 7 . 0 3 1 0 . 0 1 4 0 . 66 6 0 . 0 2 6 184 . 3 2 5 34 BTN
3 9 . 1 7 8 3 9 . 1 7 8 0 . 1 2 9 7 . 2 2 3 0 . 0 1 4 0 . 6 9 3 0 . 0 2 6 1 8 5 . 7 5 7 35 BTN
3 3 . 6 5 4 33 .6 54 0 . 1 2 0 6 . 3 7 7 0 . 0 1 4 0 . 7 6 8 0 . 0 2 4 1 8 0 . 7 4 9 N2 BTN
3 5 . 8 4 0 3 5 . 8 4 0 0 . 1 2 5 6 . 6 8 5 0 . 0 1 4 0 . 7 1 2 0 . 0 2 5 177 . 6 6 5 Ni. BTN
274.
CRAIG PARK Q 2 3 / 2 / 7 7
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  Ni
3 4 . 9 4 0 3 4 . 9 4 0 0 . 1 2 2 6 . 5 4 8 0 . 0 1 4 0 . 7 2 5 0 . 0 2 5 1 8 0 . 0 1 6 S1 BTK
3 6 . 1 8 9 3 6 . 1 8 9 0 . 1 2 4 6 . 72 4 0 . 0 1 4 0 . 6 9 3 0 . 0 2 5 181 . 2 3 5 S2 BTN
36 . 96 4 36 .96 4 0 . 1 2 5 6 . 8 4 2 0 . 0 1 4 0 . 6 8 1 0 . 0 2 5 1 8 2 . 4  50 S3 BTN
3 8 . 1 9 3 3 8 . 1 9 3 0 . 1 2 7 7 . 0 3 8 0 . 0 1 4 0 . 6 7 3 0 . 0 2 6 1 8 4 . 4 0 0 S4 BTN
31 . 2 4 8 31 . 2 4 8 0 . 1 1 5 5 . 9 5 9 0 .01 4 0 . 7 5 1 0 . 0 2 4 1 84 . 5 3 4 N1 BTN
3 3 . 6 5 4 3 3 . 6 5 4 0 . 1 2 0 6 . 1 9 5 0 . 0 1 4 0 . 5 8 6 0 . 0 2 4 1 80 . 8 3 4 N2 BTN
3 5 . 8 3 8 35 . 83 8 0 . 1 2 3 6 . 6 8 5 0 .01 4 0 . 7 1 2 0 . 0 2 5 177 . 7 4 5 N4 BTN
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Ap pe n di x  3B T r a v e l  t i m e  d a t a  ( S - w a v e s )
HILLHOUSE Q 2 5 / 3 / 7 7
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH SI TE NAME
7 4 . 8 1 2 7 4 . 8 1 2 0 . 4 3 5 2 2 . 5 0 9 0 . 0 1 4 1 0 . 0 4 0 0 . 0 7 4 91 . 37  9 54 BTN
7 6 . 1 4 3 7 6 . 1 4 3 0 . 4 3 8 2 2 . 7 8 1 0 . 0 1 4 1 0 . 0 9 0 0 . 0 7 4 9 0 . 4 8 9 S3 BTN
7 6 . 7 0 4 7 6 . 7 0 4 0 . 4 4 0 23 .266 0 . 0 1 4 1 0 . ^ 8 2 0 . 0 7 5 87 .17 5 N2 BTN
7 6 . 9 4 0 7 6 . 9 4 0 0 . 4 4 1 2 2 . 9 9 4 0 . 0 1 4 10.  171 0 . 0 7 5 8 9 . 9 2 6 S2 BTN
7 7 . 2 7 5 77 . 2 7 5 0 . 4 4 2 23 .286 0 . 0 1 4 1 0 . 4 0 7 0 . 0 7 5 8 8 . 0 5 0 N3 BTN
77 . 7 2 2 77 .7 22 0 . 4 4 3 2 3 . 1 8 9 0 .01 4 1 0 . 2 3 5 0 . 0 7 5 8 9 . 0 1 2 SI BTN
7 9 . 1 3 2 7 9 . 1 3 2 0 . 4 4 7 23 .441 0 . 0 1 4 1 0 . 2 5 2 0 . 0 7 6 8 9 . 6 6 0 K4 BTN
DUMDUFF OCTOBER/NOV EMBER 1981
RANGE PT DI ST ST ERR TR TIME ST-ERR RED-TME -ST ERR AZIMUTH _ _ S I T E  NAME ------- -----
1 . 27 5 44 .420 0 . 0 1 3 0 . 6 1 8 0 . 0 1  1 0 . 4 0 5 0 . 0 1 1 9 4 . 9 5 0 MUIRSLAND FM 1 A
1 . 4 6 2 4 4 . 6 0 7 0 . 0 1 4 0 . 66 4 0 .011 0 . 4 2 0 0 . 0 1 1 97 . 0 7 6 MUIRSLAND FM 2
6 . 5 6 1 49 .706 0 . 0 2 9 2 . 6 3 6 0 . 0 1 1 1 . 54 3 0 . 0 1 2 8 9 . 3 8 9 DARNFILLAN FK 1
6 .6 20 4 9 . 7 6 5 0 . 0 2 9 2 . 6 4 5 0 . 0 1 1 1 . 54 2 0 . 0 1 2 8 9 . 9 1 3 DARNFILLAN FM 2
6 . 69 2 4 9 . 8 3 7 0 . 0 2 9 2 . 6 4 9 0 . 0 1 1 1 . 5 3 4 0 . 0 1 2 9 1 . 19 9 DARNFILLAN FM 3
7 . 5 4 0 5 0 . 6  85 0 . 0 3 1 2 . 9 1 1 0 . 0 1 1 1 . 6 5 4 0 . 0 1 2 9 0 . 0 7 6 GREENHILL FM 1
7 . 7 2 1 5 0 . 8 6 6 0 . 0 3 1 2 . 9 3 9 0 . 0 1 1 1 . 6 5 2 0 . 0 1 2 9 0 . 8 1 6 GREENHILL FM 2
8 . 9 3 2 5 2 . 0 7 7 0 . 0 3 3 3 . 3 7 8 0 . 0 1 1 1 . 8 89 0 . 0 1 2 9 1 . 026 LANGSIDE FM 1
9 . 1 5 2 5 2 . 2 9 7 0 . 0 3 4 3 . 4 3 4 0 . 0 1 1 1 . 90 9 0 . 0 1 3 9 1 . 2 5 2 LANGSIDE FM 2
9 . 3 3 2 5 2 . 4 7 7 0 . 0 3 4 3 . 5 0 2 0 . 0 1 1 1 . 947 0 . 0 1 3 91 . 0 44 LANGSIDE FM 3
DUNDUFF Q 8 JUNE 1983
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
1 4 . 2 7 9 57 . 42 4 0 . 0 7 9 4 .96 9 0 . 0 0 8 2 . 5 6 9 0 . 0 1 5 9 8 . 7 8 2 1 E
1 6 . 3 9 5 5 9 . 6 4 0 0 . 0 8 5 5 . 6 3 4 0 . 0 0 8 2 . 0 0 2 0 . 0 1 6 1 0 0 . 1 3 2 2E
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DUNDUFF 8 JULY 1983
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
- 2 0 . 2 3 7 2 2 . 9 0 8 0 .097 6 . 88 0 0 . 0 2 0 3 . 5 0 7 0 .026 2 5 4 . 5 0 3 2C
- 1 7 . 7 8 3 2 5 . 3 6 2 0 . 0 9 0 6 . 2 3 9 0 . 0 2 0 3 . 2 7 5 0 . 0 2 5 2 5 5 . 8 9 7 3C
4 .277 4 7 . 4 2 2 0 .061 2 . 8 3 5 0 . 0 1 0 2 . 122 0 . 0 1 5 161 . 586 2D
1 4 . 2 7 9 5 7 . 4 2 4 0 . 0 7 9 4 . 9 8 9 0 . 0 1 0 2 . 6 0 9 0 . 0 1 7 9 8 . 7  82 1 E
16 . 3 95 5 9 . 5 4 0 0 . 0 8 5 5 . 5 9 2 0 . 0 1 0 2 . 8 6 0 0 . 0 1  8 1 0 0 . 1 3 2 2E
27 .41 8 7 0 . 5 6 3 0 . 111 8 . 9 9 0 0 . 0 1 0 4 . 4 2 0 0 . 0 2 1 1 0 2 . 5 7 6 6E
CLOBUR* Q 1 6 / 3 / 7 7
RANGE PT DI ST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
1 5 . 6 9 : 75 . 5 98 0 . 082 5 . 8 7 8 0 . 0 1 1 3 . 2 6 2 0 . 0 1 8 9 8 . 1 3 0 N1 BTN
17 . 6 3 9 77 . 5 3 9 0 . 0 8 7 6 . 3 2 6 0 . 0 1 1 3 . 3 8 6 0 . 0 1 8 1 2 1 . 2 4 8 S4 BTN
18 .27 4 78 . 17 4 0 . 0 8 8 6 .541 0 . 0 1 1 3 . 4 9 5 0 . 0 1 8 1 1 5 . 9 6 2 . _S3 BTN _ . .
1 8 . 6 9 3 7 8 . 5 9 3 0 . 0 8 9 6 . 64 4 0 . 0 1  1 3 . 5 2 8 0 . 0 1 9 1 1 2 . 8 2 0 S2 BTN
1 8 . 9 7 7 7 8 . 8 7 7 0 . 0 90 6 . 7 3 8 0 . 0 1 1 3 . 5 7 5 0 . 0 1 9 1 0 8 . 464 SI BTN
2 0 . 6  03 8 0 . 5 0 3 0 . 0 9 4 7 . 1 4 9 0 . 0 1 1 3 . 7 1 5 0 . 0 1  9 1 0 9 . 5 0 8 N4 BTN
DUNTILLAND Q 1 6 / 3 / 7 7
RANGE PT DI ST ST ERR TR T IME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
4 0 . 4 3 7 40 . 437 0 . 1 9 3 1 3 . 6 6 0 0 . 0 1  4 6 . 92 0 0 . 0 3 5 136 . 7 6 4 32 BTN
4 0 . 4 5 1 4 0 . 4 5 1 0 . 1 9 3 1 3 . 6 8 0 0 . 0 1 4 6 . 9 3 8 0 . 0 3 5 1 3 8 . 3 1 7 S3 BIN
4 0 . 45 1 4 0 . 45 1 0 . 1 9 3 1 3 . 7 1 0 0 . 0 1 4 6 . 9 6  8 0 . 0 3 5 1 4 0 . 8 2  9 34 BTN
3 5 . 6 8 4 3 5 . 6 8 4 0 . 1 8 2 1 2 . 4 4 6 0 . 0 1 4 6 . 4 9 9 0 . 0 3 3 1 3 3 . 2 0 6 N‘ BTN
3 8 . 8 4 2 3 8 . 8 4 2 0 . 1 9 0 1 3 . 3 3 0 0 . 0 1 4 6 . 8 5 6 0 . 0 3 5 1 3 3 . 8 9 4 N2 BTN
41 . 7 0 9 41 . 7 0 9 0 . 1 9 6 1 3 . 8 6 0 0 . 0 1 4 6 . 9 0 8 0 . 0 3 6 1 3 4 . 2 2 3 K4 BTN
TAMS LOUP Q 1 5 / 2 / 7 7
RANGE PT DIST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
57 . 5 2 : 37 . 5 2 5 0 . 1 8 6 1 2 . 6 6 8 0 . 0 1 4 6 . 4 1 4 0 . 0 5 4 139 .27 9
3 7 . 9 6 2 3 7 . 9 8 8 0 . 1 8 7 1 2 . 7 4 7 0 . 0 1 4 6 . 4 1 6 0 . 0 3 4 1 4 1 . 3 8 0 32 BTK
35 .OS: 36 .0 90 0 . 1 5 6 1 2 . 7 8 6 0 . 0 1 4 6 . 4 3 6 0 . 0 3 4 1 4 3 . 0 2 5 33 BTN
3 8 . 4 1 4 3 8 . 4 1 4 0 . 1  89 1 2 . 8 6 5 0 . 0 1 4 6 . 4 6 3 0 . 0 3 4 1 47 . 7 2 9 3*. BTN
3 3 . 0 5 : 3 3 . 0 5 3 0 . 1 7 5 11 . 5 1 2 0 . 0 1 4 6 . 0 0 3 0 . 0 3 2 1 3 8 . 2 2 5 M  BTN
3 6 . 2 3 7 3 6 . 2 3 7 0 . 1 8 3 1 2 . 06 1 0 . 0 1 4 6 .021 0 . 0 3 4 1 3 8 . 5 2 4 N2 BTN
3 9 . 1 1 4 39 . 11 4 0 . 1 9 0 13 .0 41 0 . 0 1 4 6 . 5 2 2 0 . 0 3 5 1 3 8 . 5 3 4 ÎW BTN
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CRAIG PARK Q 3 0 / 3 / 7 7
RANGE FT DIST ST ERR TR TIME ST ERR RED TME ST ERR AZIMUTH S I T E  NAME
3 %. 9 40 34 . 940 0 . 1 2 2 11 . 3 98 0 . 0 1 4 5 . 5 7 5 0 . 0 2 5 1 7 9 . 9 3 4 S1 BTN
3 6 . 1 8 7 3 6 . 1 8 7 0 . 1 2 4 1 1 . 6 1 4 0 . 0 1 4 5 . 5 8 3 0 . 0 2 5 181 .156 S2 3TN
36 . 9 6 2 36 . 96 2 0 . 1 2 5 1 1 . 7 9 0 0 . 0 1 8 5 . 6 3 0 0 . 0 2 8 1 8 2 . 3 7 2 S3 btk
3 8 . 1 8 9 3 8 . 1 8 9 0 . 1 2 7 1 2 . 1 2 4 0 . 0 1 4 5 . 7 5 9 0 . 0 2 6 1 8 4 . 3 2 5 S4 BTI.
3 9 . 1 7 8 3 9 . 1 7 8 0 . 1 2 9 1 2 . 5 1 6 0 . 0 1 4 5 . 9 8 6 0 . 0 2 6 1 85 .757 S5 btk
3 3 . 6 5 3 33 . 653 0 . 1 2 0 1 1 . 0 4 5 0 . 0 4 1 5 . 4 3 6 0 . 0 4 6 180 . 74 9 N2 BTN
35 . 8 4 0 3 5 . 8 4 0 0 . 1 2 3 1 1 . 5 5 5 0 .041 5 . 5 8 2 0 . 0 4 6 1 7 7 .6 6 5 N4 2TL
CRAIGPIRK Q 2 3 / 2 / 7 7
RANGE PT DIST ST ERR TR TIME ST ERR RED THE ST ERR AZIMUTH SI TE RAME
34 . 9 40 3 4 . 9 4 0 0 . 1 2 2 11 . 45 0 ' 0 . 0 2 2 5 . 6  27 0 . 0 3 0 1 8 0 . 0 1 6 S1 371,
36 . 1 8 9 3 6 . 1 6 9 0 . 1 2 4 1 1 . 7 2 4 0 . 0 2 2 5 . 6 9 3 0 . 0 3 0 181 . 2 3 5 S2 37Ü
36 . 9 6 4 3 6 . 9 6 4 0 . 1 2 5 1 1 . 9 2 0 0 . 0 2 2 5 . 7 5 9 0 . 0 3 1 1 8 2 . 4 5 0 S3 3TÎ.
3 8 . 1 9 3 3 8 . 1 9 3 0 . 1 2 7 1 2 . 2 9 3 0 . 0 2 2 5 . 9 2  8 0 . 0 3 1 1 8 4 . 4 0 0 S4 371,
3 1 . 2 4 8 3 1 . 2 4 8 0 . 1 1 5 1 0 . 5 0 8 0 . 0 2 2 5 . 3 0 0 0 . 0 2 9 1 84 . 5 3 4 M  37 N
33 . 6 5 4 3 3 . 6 5 4 0 . 1 2 0 1 0 . 9 0 1 0 . 0 2 2 5 . 2 9 2 0 . 0 3 0 1 8 0 . 8 3 4 N2 B7K
3 5 . 8 3 8 3 5 . 8 3 8 0 . 1 2 3 11 . 606 0 . 0 2 2 5 . 6 3 3 0 . 0 3 0 1 7 7 . 7 4 5 K4 B7I\-
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HILLHOUSE QUARRY EAST
315
APPEMDIX 5
SITE NAME TR TIME ST ERROR MODEL TIME RESIDUAL PH a s :
CROOKS FM 0 .7M2 0 . 0 1 1 0 . 8 9 0 - 0 . 1  MB Ac
FOR TA GRES FM 1 . 37 9 0 . 0 1 1 1 . 3 80 - 0 . 0 0 1
STAFFLER RES 1 .6 M2 0 . 0 1 1 1 .65M - 0 . 0 1 2 M
DONKEY S I T E 1 . 9 5 3 0 . 0 0 7 1 .9MM 0 . 0 0 9 "
HILLHOUSE FM 2 . 2 1 7 0 . 0 11 2 . 2 1 6 0 . 0 0 1 .
GATEHEAD FM 2 . 3 9 0 0 . 0 1 1 2 .M36 - 0 . 0 M 6
DALLARS FM 2 . 5 1 7 0 . 01 1 2 . 5 3 1 - n . O I M w
AIRD FM 2 . 7 1 7 0 . 0 1  1 2 . 7 1 2 0 . 0 0 5 II
OVERLiNDS FM 2 . 9 1 3 0 . 0 1  1 2 . 9 11 0 . 0 0 2 •
DRUMDROCH FM 3 . 07M 0 . 0 1 1 3 . 0 5 1 0 . 0 2 3 ■
MIL RIG FM 3 . 2 1 5 0 . 0 1 1 3.2M1 - 0 . 0 2 6 ■
SORNHILL FM 3.M5M 0 . 0 1 1 3. M23 0 . 0 3 1 ■
CAIRNHILL FM 3 . 7 5 6 0 . 0 0 6 3 . 76M - 0 . 0 0 8 Aq
HARDHILL S I T E ( 1C) M . 3 5 5 0 . 0 1 0 M. 373 - 0 . 0 1 8 B
2C M.6S6 0 . 0 0 7 M.6S2 O.OOM
ALLAN TON 0 ( 3 0 5 .0 1 0 0 . 0 1 0 M. 977 0 . 0 3 3
BA 5 . 8 3 8 0 . 0 0 6 5 . 8 2 0 0 . 0 1 8
2 k 6 .081 0 . 0 0 6 6 . 0 6 1 0 . 0 2 0
3A 6 . 2 3 7 0 . 0 1 0 6 . 2 2 0 0 . 0 1 7
MA 6 . M 89 0 . 0 0 6 6 .M9 0 - 0 . 0 0 1
5A 6 . 5 1 8 0 . 0 0 6 6 . 5 0 9 0 . 0 0 9
6A 7 .1M7 0 . 0 0 6 7 . 1 5 8 - 0 . 0 1 1
ID 7 . M8 8 0 . 0 0 5 7 . 5 9 8 - 0 . 1 1 0 "
2D 8 . 0 5 1 0 . 0 0 5 8 . 0 8 6 - 0 . 0 3 5 A1
3D 9 . 0 6 1 0 . 0 3 0 9 . 091 - 0 . 0 3 0 B ‘
1 E 1 0 . 1 2 9  . 0 . 0 0 7 1 0 . 1 0 5 0 .02M "
ME 1 1 . 5 7 5 0 . 0 1 2 11 .MM9 0 . 1  26 "
5E 1 2. 01M O.OOM 11 . 8 3 8 0 . 2 8 8 ■
6E 12. 09M O.OMO 12.0M3 0 . 0 5 1 "
KIRKLAWHILL FM 1 2 . 6 9 1 O.OOM 12.6M1 0 . 0 5 0 "
SM BTk 1 2 . 8 5 9 O.OIM 1 2. 85M 0 . 0 0 5 "
S3 B T l 1 3 . 0 5 3 0 . 01M 13.0M1 0 . 0 1 2 "
N? BTN 13.2M7 O.OIM 1 3 . 1 2 5 0 . 1 3 2 ■
S3 BTN 1 3 . 1 6 9 0 . 0 1  M 1 3 . 1 5 8 0 . 0 3 1 "
N? BTN 1 3 . 3 0 5 O.OIM 1 3 . 9 0 7 0 . 1 0 2 ■
51 BTN 1 3 . 3 0 5 O.OIM 1 3 . 2 7 3 0 . 0 3 2 "
NÜ BTN 13. M60 O.OIM 1 3 .  "82 - 0 . 0 0 2 ■
DUN DU FF QUARRY WEST
S I T E  NAME TR TIME ST ERROR MODEL TIME RESIDUAL PHASE
ID 0.6M8 0 . 0 0 6 0 . 6 7 0 - 0 . 0 2 2 Ac
ARA BURN S I T E 1 . 006 0 . 0 6 0 1 . 1 3 5 - 0 . 0 7 M B^
6C 1 .M81 0 . 0 0 6 1 . 503 - 0 . 0 2 2 A
ALLAN TON Q S I T E 3 . 2 9 0 0 . 0 0 8 3 . 2  87 0 . 0 0 3 nSR
2C 3 . 6 9 9 0 . 0 0 8 3 . 6 9 5 0 .OOM
1C M . 1 0 5 0 . 0 0 8 M . 0 7 8 0 . 0 2 7
DUMDUFF QUARRY EAST
S IT E NAME TR TIME ST ERROR MODEL TIME RESIDUAL PHASE
MLIRSLAND FM 2 0 . 3 2 9 O.ncT 0 . 3 * M - 0 . 0 1 5 Ac
" 3 0 . 3 9 5 0 . 0 C 7 0.MC2 - 0 . 0 0 7
2D 0 . 8 8 9 0 . 0 0 6 0.9M6 - 0 . 0 5 7
BOCSIDE FM 1 0 . 9 5 2 0 . 0 0 7 0 . 9 5 0 - 0 . 0 0 2
" " 2 0 . 9 7 7 0 . 0 0 7 0 . 9 9 0 - 0 . 0 1 3 ___  •
" " 3 1 . 00 3 0 . 0 0 7 1 . 016 - 0 . 0 1 3 B
DARNFILLAN FM 1 1 .3 98 0 . 0 0 7 1.3Q8 0 . 0 0 0
B B 2 1 .M19 0 . 0 0 7 1 .M12 0 . 0 0 7 a
B B ^ 1 .M31 0 . 0 0 7 1 .M26 0 . 0 0 5 a
3D 1 . 5 1 8 0 . 0 0 6 1 . 5 2 9 - 0 . 0 1 1 a
GREENHILL FM 1 1 .591 0 . 0 0 7 1 . 5 9 0 0 . 0 0 1
m B 2 1 . 6 10 0 . 0 0 7 1 . 6 3 5 - 0 . 0 2 5B B 2 1 . 6 6 3 0 . 0 0 7 1 . 6 7 7 - O. OI M
LANGSIDE FM 1 1 . 8 7 8 0 . 0 0 7 1.87M O.OOM
B B 3 1 . 0 2 3 0 . 0 0 7 1 . 9 1 5 0 . 0 0 8
B 3 1 . 9 5 3 0 . 0 0 7 1 . 967 - 0 . 0 1 6 "
I E 2 . 7 7 2 0 . 0 0 8 2 . 7 6 8 - 0 . 0 1 6 % R
3E M . 0 0 8 0 . 0 1 0 M. 093 0 . 0 0 5 Ao
ME M.M17 0 . 0 1 5 M.M10 0 . 0 0 7
6E 5 .10M 0 . 0 0 6 5 . 1 3 1 - 0 . 0 2 7 "
C A IR I G R Y FFE -C L0 8 URN QUARRIES WEST
S I T E  NAME TR TIME ST ERROR MODEL TIME RESID"AL PHASE
?E 0 . 6 6 5 0 . 0 0 8 0 . 7 6 9 - 0 . 1 0 M As
1 £ 0 . 7 2 6 0 . 0 0 5 0 . 8 7 3 - 0 . 1 M 5
SANDILANDS FM 1 .161 0 . 0 0 5 1 .2M5 - n . 0 6 M
LANGSIDE FM 3 1 .5M7 0 . 0 0 5 1 .5M1 0 . 0 0 6 B
■ " 2 1 .57M 0 . 0 0 5 1 . s s 6 0 . 0 1 6
3D 2 . 0 2 5 0 . 0 0 6 2 . 0 6  9 - 0 . 0 M 1
MvIRSLAND FM M 3 . 0 1 5 C.OCt 3 . 0 0 6 0 . 0 1 2
" 5 3 . C5 0 C. OCi 3 . 0 2 3 0 .0 0 7
317
DUNDUFF Q SITE 3 . 3  80 0 . 0 0 5 3.3M7 0 . 0 3 3 Am
ID 3 . 5 8 6 0 . 0 0 6 3 . 7 1 1 - 0 . 1 2 5 n
1A 5 . 1 1 0 0 . 0 0 5 3 . 0 8 1 0 . 0 2 9
3A ■ 5 . 2 0 7 0 . 005 5 . 2 0 6 0 . 0 0 1
2k 5 . 2 7 5 0 . 0 0 5 5.2M0 0 . 0 3 5
BA 5 .M30 0 . 0 0 5 5 . 3 8 5 0 .0M5
ALLAN TON Q SITE 6 . 2 3 7 0 . 0 0 6 6 .25M - 0 . 0 1 7
2C 6. 57M 0 . 0 0 8 6 . 62 2 - 0 . 0 M 5
1C 7 . 0 1 0 0 . 0 1 2 7 . 0 0 9 0 . 0 0 1
CAIBICRTFFE-CLOBUEII  QUARRIES EAST
S I T E NAME TR TIME ST ERROR MODEL TIME RESIDUAL PHASE
^E 1 .09M O . n i C 1 . 0 8 8 0 . 0 0 8
ME 1 . 5 00 0 . 0 0 c 1 . 51 2 - 0 . 0 1 2
6E 2 . 3 6M 0 . 0 0 c 2 . M 62 - 0 . 0 9 8
K1 BTN 3 . 2 0 7 0 . 0 1  1 3 .1 7 9 0 . 0 2 6 AqSM BTN 3.M90 0 . 0 1 1 3.M92 - 0 . 0 0 2 B
N3 BTN 3 . 6 1 3 0 . 0 1 1 3. 57M 0 . 0 3 9
S^ BTN 3 . 6 1 3 0 . 0 1 1 3 . 5 9 5 0 01 8
S2 BTN 3 . 6 6 0 0 . 0 1 1 3 . 6 6 5 - 0 . 0 0 5
SI BTN 3 . 7 1 6 0 . 0 1 1 3 . 7 1 0  , 0 . 0 0 6
NM BTN M . 0 0 9 0 . 0 1 1 3 . 9 8 0 0 . 0 2 9
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